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ABSTRACT 
Field Investigation of Stream-Aquifer Interactions: A Case Study in Coastal 
California 
Devin Pritchard-Peterson 
This study is a detailed investigation of the dynamic interaction between a stream 
and an alluvial aquifer at Swanton Paciﬁc Ranch in the Scotts Creek watershed in 
Santa Cruz County, California. The aquifer is an important source of groundwater for 
cropland irrigation and for aquatic ecosystem support. The potential for groundwater 
pumping to deplete Scotts Creek stream ﬂows is a source of serious concern for land 
managers, ﬁsheries biologists, and regulatory agencies due to the presence of federally 
protected steelhead trout (Oncorhynchus mykiss) and coho salmon (Oncorhynchus 
kisutch). An understanding of the interaction between the stream and pumped aquifer 
will allow for assessment of the impacts of groundwater extraction on stream ﬂows and 
is essential to establishing minimum instream ﬂow requirements. This will aid in the 
development of sustainable groundwater pumping practices that meet agricultural and 
ecological needs. Based on ﬁndings from studies conducted in similar hydrogeologic 
settings and Scotts Creek stream survey reports ﬁled by the California Department 
of Fish and Wildlife, we hypothesized that the stream is directly connected to the 
aquifer and that abstraction of groundwater from agricultural wells has a measurable 
impact on Scotts Creek stream ﬂows, particularly during the summer low-ﬂow period. 
We tested this hypothesis by employing a multi-scale approach combining multiple 
measurement techniques. Results of ﬁeld investigations, including extensive direct push 
subsurface sampling, constant rate pumping tests, dye tracer tests, electrical resistivity 
interrogation of the subsurface, and long-term passive monitoring of aquifer hydraulic 
heads and stream stage, are reported. Additionally, results of laboratory falling-head 
permeameter tests and particle size analyses of aquifer sediments, and numerical 
groundwater ﬂow modeling (MODFLOW) are presented. Findings indicate that the 
permeable subsurface formation tapped by irrigation wells is a leaky semi-conﬁned 
aquifer, overlain by a thin and laterally discontinuous very low-permeability aquitard 
of silt and clay above which lies Scotts Creek. The aquitard reduces the hydraulic 
connection between the stream and pumped aquifer resulting in a low and steady 
streamﬂow depletion rate over the short term. These results are particularly useful to 
land managers responsible for sustainable groundwater abstraction from wells that 
tap into the aquifer. Calculations of stream depletion rate based on aquifer hydraulic 
iv 
parameters and well pumping rates are included to allow land managers to conveniently 
modify groundwater abstraction practices, minimizing concerns of streamﬂow depletion. 
The conclusions presented herein are based on the results of a two year study. Stresses 
imposed by changes in climate and water resource needs should be examined with 
rigorous science to determine appropriate management strategies. Additional research, 
including improvement of the numerical groundwater ﬂow model’s representation of 
the natural system, supplementary subsurface investigations, and continued long-term 
measurement of groundwater levels, is needed to further quantify the degree of stream-
aquifer connectivity and to ensure continued sustainable groundwater management. 
v 
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CHAPTER 1: INTRODUCTION 
The sustainable use and management of water resources has become a serious global 
challenge due to a changing climate, population growth, and the attendant increase in 
consumption. Groundwater is an important source of water for many societal needs, 
but has historically been more or less unregulated (Anderson and Woosley, 2005; Kløve 
et al., 2014). As a result, a myriad of undesirable consequences of groundwater overdraft 
are becoming ever more apparent including: 1) chronic lowering of groundwater levels, 
2) reduction of groundwater storage, 3) seawater intrusion, 4) degraded water quality, 
5) land subsidence, and 6) surface water depletion (Baron et al., 2002; Brunke and 
Gonser, 1997; Hancock, 2002; Zektser et al., 2005; Sophocleous, 2002). Groundwater 
and surface water are commonly hydraulically connected (Hayashi and Rosenberry, 
2002; Sophocleous, 2002; Woessner, 2000), and consequently streamﬂow depletion 
(deﬁned as pumping-induced increased inﬂow to and decreased outﬂow from an aquifer) 
can occur as a result of groundwater abstraction (Barlow and Leake, 2012; Nyholm 
et al., 2002; Rugel et al., 2012; Sophocleous, 2002). Adverse eﬀects of streamﬂow 
depletion range from diminished water supplies for agricultural and municipal uses 
to aquatic ecosystem destruction (Sophocleous, 2002). In coastal California streams 
with rare, threatened, and/or endangered anadromous salmonids, the diminishment 
of instream ﬂows during dry periods is of particular concern (Deitch and Dolman, 
2017; Marston, 1992; Snider et al., 1995; Smith, 1994). Because coastal California 
experiences low summer rainfall and signiﬁcant inter-annual variability in precipitation, 
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groundwater inputs are critical to maintaining instream ﬂows through the dry season 
(Deitch and Dolman, 2017; Ronayne et al., 2017). 
Over the past 70 years, extensive research has improved scientiﬁc understanding 
of the factors and processes that aﬀect how groundwater pumping near a stream 
impacts streamﬂow (Barlow and Leake, 2012, and references therein). Several studies 
have investigated the spatial and temporal response of instream ﬂows to groundwater 
pumping in coastal California watersheds. For example, McGlochlin (1984) examined 
the degree of stream-aquifer interaction in the lower Carmel Valley in Monterey 
County, California, and discovered through groundwater monitoring and stream 
discharge measurements that the aquifer is in intimate contact with ﬂow in the Carmel 
River, contrary to widespread belief that a conﬁning layer separates the stream from 
the pumped aquifer. Similarly, Kondolf et al. (1987) described how groundwater 
withdrawal locally decreased base ﬂows and inhibited steelhead trout migration in 
the Carmel River using streamﬂow and well-level measurements. Fleckenstein et al. 
(2004) evaluated groundwater management strategies to restore fall ﬂows, critical 
for supporting Chinook salmon runs, in the Cosumnes River in Sacramento County, 
California. Their numerical modeling results suggested that extensive pumping 
reductions could improve long-term river conditions by reconnecting the river with 
the regional aquifer (Fleckenstein et al., 2004). 
These case studies and others have led to an increased knowledge of stream-
aquifer exchange processes in coastal California watersheds, yet additional research in 
these environments is needed. Furthermore, geologic materials in ﬂuvial settings are 
inherently heterogeneous with hydraulic conductivities that vary randomly by orders 
of magnitude over short distances (Bradbury and Muldoon, 1990). Understanding 
such complex systems and developing sustainable groundwater pumping practices is 
thus best accomplished through detailed investigation at the catchment or stream 
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reach scale using a wide range of measurement techniques that integrate many spatial 
and temporal scales (Kalbus et al., 2006; Sophocleous, 2002). 
In this study, we conducted ﬁeld and laboratory experiments as well as numerical 
groundwater ﬂow modeling to investigate the dynamic interaction between Scotts 
Creek and the underlying alluvial aquifer at Swanton Paciﬁc Ranch in Santa Cruz 
County, California. Several high capacity agricultural wells (pumping capacities of 
300 gallons per minute (gpm) each) are used to irrigate cropland on lower Scotts 
Creek. The potential for groundwater pumping to deplete Scotts Creek stream ﬂows 
is a source of serious concern for land managers, ﬁsheries biologists, and regulatory 
agencies due to the presence of federally protected steelhead trout (Oncorhynchus 
mykiss) and coho salmon (Oncorhynchus kisutch). The main objective of this research 
is to test a hypothesis, the results of which will inform resource policy and ﬁll critical 
knowledge gaps that currently limit the eﬀective management of water resources in 
the Scotts Creek watershed. These results may be extended to other watersheds in 
coastal California allowing for the sustainable use and management of water resources 
for human supply and ecological conservation. 
The speciﬁc study objectives were to: 1) characterize the lower Scotts Creek allu-
vial aquifer (geometry, lithology, and hydraulic properties), 2) quantify the degree of 
hydraulic connectivity between the stream and the aquifer, and 3) provide sustainable 
groundwater pumping recommendations. Based on ﬁndings from studies conducted 
in similar hydrogeologic settings and Scotts Creek stream survey reports ﬁled by the 
California Department of Fish and Wildlife (CDFW), we hypothesized that the stream 
is directly connected to the aquifer and that abstraction of groundwater from agricul-
tural wells has a measurable impact on Scotts Creek stream ﬂows, particularly during 
the summer low-ﬂow period. To test this hypothesis and to achieve the objectives of 
this research a multi-scale approach combining multiple measurement techniques was 
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employed. Eighteen boreholes were drilled for sediment core collection and piezometer 
installation. Long-term passive monitoring of aquifer hydraulic heads and stream 
stage, constant rate pumping tests, dye tracer tests, falling-head permeameter tests 
and particle size analyses of aquifer sediments, electrical resistivity interrogation of 
the subsurface, and numerical simulation of groundwater ﬂow (MODFLOW) were 
performed to characterize the aquifer and to quantify the degree of stream-aquifer 
hydraulic connectivity. Lastly, rates of streamﬂow depletion during a series of pumping 
tests conducted at the site were estimated using the Hantush (1965) method. Re-
sults of all methodologies were then used to make sustainable groundwater pumping 
recommendations. 
In the following chapters we review pertinent literature, discuss the methodology 
used to test the hypothesis, report results from ﬁeld and laboratory tests, present 
groundwater ﬂow modeling results, oﬀer sustainable groundwater pumping recommen-
dations, and advise of future research needs. 
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CHAPTER 2: LITERATURE REVIEW 
2.1 Overview 
The quantiﬁcation of the eﬀects of groundwater pumping on streamﬂow allows 
water resource managers to make informed management decisions that meet ecological 
and societal needs (Sophocleous, 2002; Kalbus et al., 2006). This literature review 
covers the fundamental concepts of groundwater-surface water interactions and how 
groundwater abstraction aﬀects streamﬂow, provides an overview of common methods 
for quantifying groundwater-surface water interactions, summarizes the development 
of modeling methods, and identiﬁes the main limitations of existing solutions. 
2.2 Fundamentals of Groundwater-Surface Water Interactions 
2.2.1 Exchanges Between Groundwater and Surface Water 
Groundwater and surface water systems are intimately connected hydrologically 
(Hayashi and Rosenberry, 2002). The hydrologic exchange between streams and 
aquifers occurs at the sediment/water interface by subsurface lateral ﬂow through the 
unsaturated zone and by ﬂow into or out of the saturated zones. Water also percolates 
vertically from streams through unconsolidated sediments. Thus, exchanges between 
streams and aquifers are inherently three-dimensional (Boulton et al., 1998; Hayashi 
and Rosenberry, 2002; Sophocleous, 2002). These ﬂow processes occur over many 
spatial and temporal scales and often vary dramatically between and within stream 
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reaches (Boulton et al., 1998; Hancock, 2002). In general, streams may be classiﬁed 
as either gaining, losing and connected, or losing and disconnected as illustrated in 
Figure 2.1 (Brunner et al., 2011). However, some combination of these commonly 
exist in natural systems. 
Figure 2.1: Common ﬂow regimes between groundwater and surface water (excerpted 
from Brunner et al., 2011). 
Exchanges between groundwater and surface water are controlled by several factors 
including stream discharge and stage, the magnitude and distribution of hydraulic 
conductivities (K) of the streambed and aquifer sediments, streambed thickness and 
its variation, the hydraulic gradient (Oh) between the stream and the aquifer, and the 
geometric/morphological characteristics of the stream channel (Boulton et al., 1998; 
Hancock, 2002; Sophocleous, 2002). 
The transitional ecotone directly beneath the streambed where these exchanges 
take place is called the hyporheic zone, which is a region of increased biogeochemical 
activity, is an integral part of the ﬂuvial ecosystem (Brunke and Gonser, 1997; Hayashi 
and Rosenberry, 2002; Sophocleous, 2002). As a transition region, the hyporheic 
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zone exhibits characteristics of both surface water and groundwater (Boulton et al., 
1998; Brunke and Gonser, 1997; Hancock, 2002; Sophocleous, 2002). In many streams, 
it contains unique invertebrate fauna as well as fungi and microbes that contribute 
substantially to nutrient cycles of aquatic ecosystems (Hancock, 2002). Streams receive 
important nutrient inputs from groundwater and similarly the biologically active upper 
layers of aquifers obtain dissolved and particulate organic matter from streams (Boulton 
et al., 1998). The hydrologic exchange processes within the hyporheic zone vary 
spatially and temporally (Brunke and Gonser, 1997; Sophocleous, 2002). The hyporheic 
zone extends both vertically below the stream and laterally into the streambank 
sediments and ﬂoodplain (Brunke and Gonser, 1997). Fluvial geomorphological 
features such as pool-riﬄe sequences and discontinuities in slope and depth drive local 
upwelling and downwelling processes along the streambed (Figure 2.2) (Boulton et al., 
1998; Sophocleous, 2002). At the downstream end of pools decreasing stream depth 
causes a high pressure zone where water downwells into the sediments. Conversely, at 
the end of riﬄes increasing stream depth creates a low-pressure zone where subsurface 
water upwells and reenters the stream. Instream features, such as logs and boulders, 
often create complex ﬂow paths that also contribute to the degree of upwelling and 
downwelling along stream reaches (Boulton et al., 1998; Hancock, 2002). 
In summary, a thorough understanding of the dynamic relationship between 
groundwater and surface water systems, as well as the importance of the hyporheic 
zone, are key to quantifying stream-aquifer connectivity, and to identifying and 
managing the eﬀects of groundwater abstraction on streamﬂow. 
2.2.2 Eﬀects of Groundwater Abstraction on Streamﬂow 
When water is extracted from a well, groundwater levels around the well decline 
creating a cone of depression. The cone of depression is deepest at the well and extends 
7 
Figure 2.2: Schematic of the dynamics of the hyporheic zone at a riﬄe-pool-sequence 
(excerpted from Kalbus et al., 2006). 
radially to a distance away from the well where water-level decline (or drawdown) is 
eﬀectively zero. The cone of depression is associated with steep hydraulic gradients 
in the vicinity of the well that draw water from the aquifer into the well. The water 
that is drawn into the well and discharged comes from one or a combination of 
several potential sources including aquifer storage, leakage from an underlying or 
overlying aquitard, induced inﬁltration from a nearby stream, or from the natural 
ﬂow that would have discharged into the stream if the well had not been pumped 
(Barlow and Leake, 2012). In small streams where discharge is low, pumping-induced 
increased inﬂow to an aquifer will inevitably cause changes in stream stage, velocity, 
and temperature (Hunt et al., 2001; Hunt, 2003; Nyholm et al., 2002). Groundwater 
abstraction will eventually result in reduced baseﬂow to the stream, which can be 
harmful to aquatic life (Figure 2.3) (Nyholm et al., 2003). 
A mass balance study conducted by Nyholm et al. (2003) in Denmark used stream 
discharge measurements to estimate streamﬂow depletion in a small alluvial stream. 
The study revealed that abstraction of groundwater from a well 60 meters from the 
stream caused a reduction in stream discharge in approximately one day and within 
one week stream depletion stabilized at about 40% of the pumping rate (Q=14.7 
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Figure 2.3: Relationship between sources of pumped groundwater for a hypothetical 
well. As pumping time increases, streamﬂow becomes the dominant source of water 
discharged from the well (excerpted from Barlow and Leake, 2012). 
l/s). More commonly however, streamﬂow depletion from a single or group of wells is 
diﬃcult to detect because stream ﬂows are inherently dynamic and large compared to 
streamﬂow depletion. Furthermore, the accuracy of stream discharge measurements 
is often low and does not exceed the streamﬂow depletion rate, and depletion is 
frequently delayed due to aquifer and streambed heterogeneities and variabilities 
in pumping schedules (Barlow and Leake, 2012; Kollet and Zlotnik, 2003; Nyholm 
et al., 2003). The residual eﬀects of pumping can be much greater than those during 
pumping, and for some stream-aquifer systems, base-ﬂow reduction can account for 
more than 90% of the total depletion (Chen and Shu, 2002). Because streamﬂow 
depletion can be delayed, the eﬀects of groundwater abstraction often go unnoticed for 
several years. Additionally, when a well near a stream is pumped, streamﬂow depletion 
consistently follows a seasonal trend with the greatest levels of depletion occurring 
during the growing season or shortly thereafter when irrigation demands are highest 
and streams are in their critical low ﬂow period. However, as the distance between the 
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stream and well increases, pumping results in constant streamﬂow depletion with little 
seasonal ﬂuctuation (Barlow and Leake, 2012; Bredehoeft and Kendy, 2008; Rugel 
et al., 2012). Streamﬂow depletion also tends to follow a diurnal cycle with the greatest 
depletion occurring in the afternoon when stream temperature and evapotranspiration 
by phreatophytes are at their highest (Anderson, 2005). For both ﬁxed and cyclical 
pumping, stream depletion approaches the annual rate of pumping asymptotically 
over time (Barlow and Leake, 2012). Although irrigation depletes streamﬂow in the 
summer, it can generate return ﬂow overland and through the aquifer, and provide 
base ﬂow to streams in the fall and winter (Bredehoeft and Kendy, 2008). 
After pumping ceases, groundwater levels begin to recover and return to pre-
pumping equilibrium. However, the timing and rates of recovery vary substantially 
between systems (Bredehoeft, 2011). Many aquifers take decades or centuries to recover 
and some never reach pre-abstraction levels (Barlow and Leake, 2012; Bredehoeft, 
2011). The rates and timing of aquifer recovery and streamﬂow depletion depend on a 
number of factors including the number of wells and distance of each from the stream, 
the hydrologic conditions along the boundaries of the groundwater system, and the 
geologic structure, dimensions, and hydraulic properties of the aquifer and streambed 
(Barlow and Leake, 2012). 
2.2.3 Hydraulic Properties of the Subsurface and Streambed 
The hydraulic properties of subsurface and streambed sediments control the inter-
actions between surface water and groundwater (Woessner, 2000; Sophocleous, 2002). 
The storage and ﬂuid transmission properties of a porous medium together inﬂuence 
the timing and rates of streamﬂow depletion (Heath, 1983; Barlow and Leake, 2012). 
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2.2.3.1 Storage Parameters 
Porosity is a measure of the void spaces of a porous medium and is commonly 
expressed as a percentage of the total volume (Heath, 1983). It is the most fundamental 
storage parameter. Other storage properties of aquifers include speciﬁc storage (Ss), 
storativity (S), and speciﬁc yield (Sy). 
Speciﬁc storage (elastic storage) is deﬁned as the volume of water that ﬂows into 
or out of a unit volume of saturated porous medium per unit change in head. Speciﬁc 
storage is usually a small number (6.2×10−3 to < 1×10−6 ft−1), but translates to large 
volumes of water (Domenico and Miﬄin, 1965). It is related to the compressibilities 
of the aquifer sediment and water by the equation (Freeze and Cherry, 1979) 
Ss = ρg(βb + nβw), (2.1) 
where ρ is the ﬂuid density [M/L2], g is gravitational acceleration [L/T2], βb is 
compressibility of the solid matrix [T2L/M], n is eﬀective porosity [dimensionless], and 
βw is compressibility of water [T
2L/M]. Speciﬁc storage has dimensions of L−1, where 
L is length, and is commonly expressed as m−1 or ft−1 (Barlow and Leake, 2012). 
Storativity (storage coeﬃcient) is a dimensionless property deﬁned as the volume 
of water released from storage per unit surface area of aquifer per unit change in head 
and is related to speciﬁc storage (conﬁned aquifers) by the equation 
S = Ssb, (2.2) 
where b is aquifer thickness. Storativity is simply the vertical depth average of speciﬁc 
storage. Typical values of storativity of conﬁned aquifers range from 5 × 10−5 to 
5 × 10−3 (Barlow and Leake, 2012). 
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Speciﬁc yield (eﬀective porosity) is an additional storage term for unconﬁned 
aquifers. It is deﬁned as the ratio of the volume of water drainable by gravity to the 
total volume of the aquifer and is commonly expressed as a percentage. Common 
values of speciﬁc yield are between 10 and 30 percent (Heath, 1983). Estimation of 
speciﬁc yield from drawdown data is diﬃcult and has been found to be sensitive to 
modeling techniques (Poulsen et al., 2011). 
2.2.3.2 Transmission Parameters 
Darcy’s Law states that ﬂux is proportional to hydraulic gradient and is commonly 
written as 
Δh 
q = −K , (2.3) 
Δx 
where q is Darcy velocity or ﬂux (volume ﬂow rate per unit area normal to ﬂow) and 
(Δh/Δx) is the hydraulic gradient (change in total head divided by the distance over 
which the change occurs). Hydraulic conductivity is then the constant of proportion-
ality between the ﬂux and the potential gradient. Hydraulic conductivity describes 
the rate of ﬂow of a volume of water per unit time under a unit hydraulic gradient 
through a unit area of aquifer or streambed. It depends on the size and arrangement 
of the pores of a medium, as well as the density and viscosity of water and is deﬁned 
by the equation 
ρg 
K = k , (2.4) 
η 
where k is the intrinsic permeability of the porous medium (a measure of the ability 
of a porous medium to allow ﬂuids to pass through it, commonly expressed in units 
of m2, ft2, or Darcies (1 darcy is equivalent to 9.869233 × 10−13 m2)) and η is the 
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dynamic viscosity of the ﬂuid. Hydraulic conductivity has dimensions of L/T and 
is commonly expressed in units of m/s, m/d, or ft/d. Hydraulic conductivity values 
have a range of 12 to 13 orders of magnitude and are typically relatively small for 
clays and silts (1 × 10−8 to 0.1 ft/d) and large for sands and gravels (1 to 10,000 ft/d) 
(Figure 2.4) (Barlow and Leake, 2012; Heath, 1983). 
The distribution and magnitude of hydraulic conductivities, within both the aquifer 
and streambed, control exchanges between surface water and groundwater. Streams 
commonly have a streambed with a lower hydraulic conductivity (one to three orders of 
magnitude lower) than the alluvial aquifer, in which case the streambed is referred to as 
the clogging layer (Brunner et al., 2010; Fox, 2004). In general, as the distance between 
a stream and well increases, the inﬂuence of the streambed properties decreases (Butler 
et al., 2001). Determining streambed hydraulic conductivity and streambed vertical 
extent are often challenging and unknown (Brunner et al., 2010). Aquifers that have 
spatially constant hydraulic conductivities are considered homogenous, whereas ones 
with spatially varying hydraulic conductivities are heterogeneous (Barlow and Leake, 
2012). 
An additional transmission parameter is transmissivity, which is vertically inte-
grated hydraulic conductivity, deﬁned by the equation 
T = Kb. (2.5) 
Transmissivity has dimensions of L2/T and is commonly expressed in units of m2/s or 
ft2/s. Transmissivity values vary at diﬀerent locations in an aquifer due to subsurface 
heterogeneity and, in unconﬁned aquifers, change in response to ﬂuctuations in the 
water table (Barlow and Leake, 2012). 
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Figure 2.4: Hydraulic conductivity of selected consolidated and unconsolidated geologic 
materials (excerpted from Heath, 1983). 
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2.2.3.3 Additional Parameters 
Hydraulic diﬀusivity is another hydraulic property that has relevance to streamﬂow 







Hydraulic diﬀusivity has dimensions of L2/T and is commonly expressed in units of 
m2/d or ft2/d. Rapid streamﬂow depletion by groundwater pumping is correlated with 
high values of aquifer hydraulic diﬀusivity. The distance of a pumping well to a stream 
and the hydraulic diﬀusivity of the associated aquifer are two of the most important 
factors that control the behavior of streamﬂow depletion (Barlow and Leake, 2012). 
The “stream depletion factor (SDF) method” was introduced by Jenkins (1968) 
and is deﬁned by the equation 
d2 
SDF = , (2.7) 
D 
where d is the distance between the stream and well. It is a measure of how quickly 
a wells eﬀect reaches the stream. Values of SDF have units of time. Wells close to 
a stream have low SDF values, which result in high rates of streamﬂow depletion. 
Conversely, wells farther from a stream have high SDF values, which correspond with 
low rates of streamﬂow depletion (Bredehoeft and Kendy, 2008; Barlow and Leake, 
2012). 
Estimation of the hydraulic properties deﬁned above allows for quantitative pre-
diction of system response to groundwater pumping. Several techniques have been 
developed to acquire such estimates, the most common method involving performing 
pumping tests in a well and ﬁtting an analytical model to drawdown data (Neuman, 
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1972; Neuman and Witherspoon, 1972). However, due to the spatial and temporal 
variability of groundwater and surface water interactions, a broad range of measure-
ment and analysis methods performed at various scales are recommended to fully 
understand stream-aquifer interactions (Kalbus et al., 2006). 
2.3 Methods for Measuring Streamﬂow Depletion 
A wide range of techniques have been developed to quantify groundwater-surface 
water interactions. The methods can be grouped into the following ﬁve categories: 
1) direct measurements of water ﬂux, 2) heat tracer methods, 3) methods based on 
Darcy’s Law, 4) mass balance approaches, and 5) modeling approaches. To achieve the 
best representation of local and/or regional stream-aquifer interactions, a combination 
of small- and large-scale methods is recommended (Brodie et al., 2007; Kalbus et al., 
2006; Mencio´ et al., 2014; Rosenberry and LaBaugh, 2008). 
2.3.1 Direct Measurement of Water Flux 
Direct measurement of water ﬂux across the stream-aquifer interface can be 
accomplished using seepage meters or similar devices. Bag-type seepage meters 
are most common and consist of a bottomless cylinder vented to an expandable 
plastic bag (Kalbus et al., 2006). The cylinder is inserted into the streambed and 
seepage rate is measured by calculating the change in water volume in the bag over 
a measured time interval. Although seepage meters are an inexpensive technique 
for assessing water ﬂux, the bag-type method can lead to inaccuracies in measured 
ﬂux when water ﬂowing over the bag causes it to become distorted (Brodie et al., 
2007). Therefore, numerous types of automated seepage meters have been developed 
to overcome issues related to the collection bags including heat pulse, ultra-sonic, 
dye-dilution, and electromagnetic meters (Kalbus et al., 2006). While seepage meters 
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are useful for identifying groundwater recharge and discharge zones, the applicability 
of such instruments in streams is low because of challenges encountered in obtaining 
representative average seepage ﬂuxes due to the inherent variability in stream discharge 
and hyporheic exchange ﬂow. Additionally, numerous measurements are required to 
eﬀectively characterize ﬂux along a given stream reach (Mencio´ et al., 2014). 
2.3.2 Heat Tracer Methods 
Heat tracer methods can be used to quantify water ﬂuxes at the stream-aquifer 
interface and to delineate groundwater recharge or discharge zones (Mencio´ et al., 2014). 
Heat tracer methods are appealing because they necessitate little to no alteration 
of the environment (Somers et al., 2016). Such methods utilize ﬁber-optic cables 
or node-like temperature loggers installed in the water column to record stream 
temperature (Somers et al., 2016). Stream temperatures vary on a daily and seasonal 
basis, whereas the temperature of groundwater remains relatively constant throughout 
the year if there is limited groundwater pumping and evapotranspiration (Anderson, 
2005; Kalbus et al., 2006). Temperature monitoring in the stream and surrounding 
sediments can therefore indicate gaining and losing stream reaches (groundwater 
discharge and recharge zones, respectively). Furthermore, when combined with an 
analytical or numerical solution for the heat transport equation, heat tracer methods 
can be used to quantify seepage ﬂuxes through streambed sediments (Brodie et al., 
2007; Somers et al., 2016). Information on the movement of heat also helps to 
constrain the calibration of a groundwater ﬂow model by providing additional data 
(Anderson, 2005). The use of temperature measurements in groundwater research 
has been sporadic, but with improved temperature sensors and numerical codes, its 
usefulness in hydrogeological settings is beginning to be revealed. For example, Su et al. 
(2004) estimated streambed hydraulic conductivities and water ﬂuxes using heat as an 
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environmental tracer in the Russian River, Sonoma County, California. Somers et al. 
(2016) used heat tracer methods and a deterministic numerical stream temperature 
model (HFLUX) to quantify the groundwater contributions to the Quilcay River, and 
to understand the interaction between groundwater and surface water in a proglacial 
valley of the Cordillera Blanca, Peru. 
2.3.3 Particle Size Analysis and Hydraulic Tests 
Methods based on Darcy’s Law are the most commonly used to investigate ground-
water movement in terrestrial aquifers (Kalbus et al., 2006; Mencio´ et al., 2014). These 
methods require point measurements of the components of the Darcy equation (Eq.2.3) 
including the hydraulic conductivity of the aquifer and the hydraulic gradient between 
the stream and the aquifer (Mencio´ et al., 2014; Rosenberry and LaBaugh, 2008). 
Determining the hydraulic conductivity of aquifer material can be accomplished in 
a laboratory setting by performing grain-size analyses of sediment samples. Hydraulic 
conductivity can be derived from the grain-size distribution of a sediment sample using 
empirical relations between grain size and permeability such as the Hazen (1892) or 
Kozeny (1927) and Carman (1956) (Kozeny-Carman) equations. However, empirical 
methods have been found to produce poor estimates when compared to measured 
values for several reasons the primary being that each equation is most applicable for 
the type of sediment used to derive it (Bradbury and Muldoon, 1990; Rosas et al., 
2014; Sahu and Saha, 2016). 
Hydraulic conductivity can also be estimated from measurements of ﬂow rate and 
head in a permeameter ﬁlled with aquifer sediments under steady-state (constant head) 
or transient (falling head) conditions (Kalbus et al., 2006). Although permeameter 
tests are eﬀective at determining relative diﬀerences in hydraulic conductivity between 
sediment types, such methods often underestimate hydraulic conductivity values 
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when compared to values measured in situ. This is likely because sediment grains are 
rearranged when packed into the permeameter and large-scale features such as fractures 
and bedding are not captured at the scale of the permeameter sample (Bradbury and 
Muldoon, 1990). 
Alternatively, hydraulic conductivity can be determined by performing pumping, 
slug, or bail tests in a well. During a pumping test, water is abstracted from a well at a 
constant rate and drawdown (the change in hydraulic head from some initial state in an 
aquifer) is measured as a function of time. During a slug or bail test, a known volume of 
water is displaced or removed from the well, and as the water level recovers, hydraulic 
head is measured as a function of time (Kalbus et al., 2006). Several researchers 
(Cardiﬀ et al., 2011; Fox, 2004; Hunt et al., 2001; Hunt, 2003; Kollet and Zlotnik, 2003; 
Lough and Hunt, 2006; Nyholm et al., 2002, 2003; Poulsen et al., 2011) have used 
such techniques in a range of hydrogeological settings to estimate aquifer hydraulic 
conductivity and to determine degree of stream-aquifer connectivity. Several of these 
authors have made signiﬁcant contributions to our understanding of groundwater-
surface water interactions by improving the applicability of established analytical 
models and by highlighting some important ﬁndings future researchers should consider. 
For example, Poulsen et al. (2011) found that an important component in parameter 
estimation by pumping test analysis for unconﬁned aquifers when the drainage process 
is delayed is the use of a model that accounts for time-varying drainage from the 
vadose zone (such as the models of Mishra and Neuman (2010) and Malama et al. 
(2011)). Kollet and Zlotnik (2003) discovered that streambed and aquifer heterogeneity 
is the major cause for the inconsistencies in parameter and stream depletion estimates. 
Lough and Hunt (2006) found that pumping tests must be carried out for a suﬃciently 
long period of time to allow leakage from the stream to have a signiﬁcant inﬂuence on 
the measured drawdown curve. 
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The other component of Darcy’s Law required for the determination of water ﬂux 
in the subsurface is the hydraulic gradient between the stream and the aquifer. Deter-
mining the hydraulic gradient is usually accomplished by measuring and comparing 
the water level in wells and piezometers installed in the ﬂuvial plain to those installed 
in the stream. Piezometers, with pressure transducers installed in them, provide point 
measurements of hydraulic head and have become a standard method to determine 
hydraulic head. The vertical and horizontal components of groundwater ﬂow can be 
determined from diﬀerences in hydraulic head between individual piezometers installed 
in clusters and at various depths (Kalbus et al., 2006). It has been shown that more 
than one piezometer or piezometer cluster is needed for parameter estimation and for 
evaluating stream depletion rate (Kalbus et al., 2006; Kollet and Zlotnik, 2003; Mencio´ 
et al., 2014). Baxter et al. (2003) proposed a new method for installing numerous 
mini-piezometers in gravel and cobble streambeds to measure hydraulic head and 
to estimate streambed hydraulic conductivity. Hydraulic potentiomanometer mea-
surements provide an additional technique for measuring the vertical hydraulic-head 
gradient beneath a surface water body and for estimating hydraulic conductivities 
(Rosenberry and LaBaugh, 2008). Lamontagne et al. (2014) successfully used a drive 
point and manometer system to measure pressure gradients and estimate inﬁltration 
through a riverbed in a semi-arid river basin in southeastern Australia. 
2.3.4 Mass Balance Approaches 
Mass balance methodologies have been developed based on the assumption that 
any change in the properties of surface water, or any gain or loss of surface water, can 
be related to a water source, and, thus, the groundwater component can be identiﬁed 
(Kalbus et al., 2006; Mencio´ et al., 2014; Rosenberry and LaBaugh, 2008). Method-
ologies include incremental streamﬂow, hydrograph separation, and environmental 
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and solute tracer techniques. The incremental streamﬂow method involves measuring 
streamﬂow discharge at successive cross-sections during low ﬂow conditions, and 
associating any change in streamﬂow to groundwater recharge or discharge (Kalbus 
et al., 2006). The hydrograph separation technique has been the most widely used of 
the mass balance approaches due to the accessibility of data and involves separating 
a stream hydrograph into its distinct runoﬀ components, and then assuming that 
baseﬂow signiﬁes groundwater discharge into the stream. Several researchers (Nyholm 
et al., 2003; Rugel et al., 2012; Weber and Perry, 2006) have successfully used hydro-
graph separation to estimate streamﬂow depletion in vastly diﬀerent hydrogeological 
environments. Hydrological tracers can be used to characterize water dynamics within 
a watershed or stream reach by determining mixing and ﬂow paths, residence time, and 
inputs and outputs within a system (Rosenberry and LaBaugh, 2008). Environmental 
tracer techniques utilize concentrations of isotopic and geochemical tracers, whereas 
solute tracer methods involve injecting a known amount of a conservative tracer into 
a stream or well. It has been noted that a combination of hydrologic data and tracer 
tests produce the most reliable results (Kalbus et al., 2006; Mencio´ et al., 2014). 
2.4 Modeling Groundwater-Surface Water Interactions 
Direct measurements of stream depletion are diﬃcult to obtain due to the inherent 
variability of runoﬀ and the often low accuracy of streamﬂow measurements (Zlotnik, 
2004). Therefore, analytical and numerical modeling approaches are commonly used to 
overcome such uncertainties and predict streamﬂow depletion rates. Both approaches 
require solution of the partial diﬀerential equation of groundwater ﬂow and have 
been widely used by researchers to estimate stream depletion caused by groundwater 
pumping (Mencio´ et al., 2014). Analytical models require less site-speciﬁc data than 
numerical models and can account for multi-layered systems with anisotropy, but 
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rely on idealized conditions in which many of the complexities of natural systems are 
either approximated or ignored completely. Thus, analytical models are often one-
or two-dimensional, rely on idealized boundary geometries, and assume the aquifer 
material is homogeneous (Kollet and Zlotnik, 2003). In general, analytical models are 
the simplest and quickest way to estimate average aquifer scale hydraulic properties 
and to improve understanding of the eﬀects of groundwater abstraction on streamﬂow. 
They provide generalized results transferable to other hydrologic settings. Numerical 
models, in contrast, can simulate ﬂow as three-dimensional and account for complex 
boundary geometries and conditions, and heterogeneous aquifer materials (Barlow and 
Leake, 2012). Numerical models handle the complexities of natural systems and are 
useful for large-scale catchment modeling, but describe a speciﬁc hydrologic setting 
making results diﬃcult to generalize (Bredehoeft and Kendy, 2008). Furthermore, 
obtaining enough accurate data to setup, calibrate, and verify numerical models can 
be relatively expensive and time consuming (Hunt, 2012). 
2.4.1 Analytical Models 
2.4.1.1 Conﬁned Aquifer Models 
Several analytical models have been developed to determine rates of streamﬂow 
depletion by groundwater pumping in conﬁned aquifers. Theis (1941) used the 
method of images to obtain the ﬁrst transient analytical solution, and the most 
widely applied, for a well in the neighborhood of a straight and fully penetrating 
stream with perfect hydraulic connection to an semiinﬁnite aquifer. Later, Glover 
and Balmer (1954) obtained the same solution but expressed it more compactly 
using the “complementary error function”, allowing the solution to be evaluated 
using well-known series approximations. Jenkins (1968) introduced an alternative 
input to the stream depletion equation of Theis (1941) called the “stream depletion 
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factor” (SDF), and provided data tables for evaluating the complementary error 
function. Subsequently, Hantush (1965) introduced a solution that accounts for an 
imperfect hydraulic connection produced by a stream with a semipervious bed that 
partially penetrates a horizontal nonleaky water-table aquifer. Around the same 
time, in the former Soviet Union, Grigoryev (1957) and Bochever (1966) developed a 
steady-state model for the design of wellﬁelds in alluvial aquifers that incorporates a 
simpliﬁed representation of a partially penetrating stream where the stream and the 
aquifer are separated by a thin zone of relatively low hydraulic conductivity (Butler 
et al., 2001). More recently, Zlotnik and Huang (1999) extended the steady-state 
Grigoryev-Bochever solution to model transient drawdown and stream depletion from 
a partially-penetrating, ﬁnite-width stream with a semipermeable streambed. Hunt 
(1999) obtained a solution for a partially penetrating stream with a semipermeable 
streambed bisecting an inﬁnite, homogenous aquifer. Shortly thereafter, Butler et al. 
(2001) realized the impact of lateral boundaries on stream-depletion calculations and 
extended the Zlotnik-Huang solution to account for the case where the stream and 
pumped aquifer both have ﬁnite widths. Additionally, Butler et al. (2007) obtained a 
solution for drawdown and stream depletion in a stream-leaky aquifer system. The 
pumped aquifer is underlain by a leaky aquitard that sits above a constant-head 
aquifer. Only horizontal ﬂow in the pumped aquifer and pumping-induced vertical 
ﬂow in the aquitard are considered. 
2.4.1.2 Unconﬁned Aquifer Models 
Until recently, most analytical models for stream depletion focused on the conﬁned 
aquifer case. Hunt (2003) was the ﬁrst to develop an analytical solution that simulates 
drawdown and stream depletion in a water-table or unconﬁned aquifer. The hydrogeol-
ogy described by the analytical solution of Boulton (1963) for delayed-yield drawdown 
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response is used in the formulation of the solution. Later, Hunt (2009) obtained a 
stream depletion solution for a well abstracting water near a partially penetrating 
stream in a multi-layered, leaky-aquifer system. 
2.4.1.3 Limitations of Analytical Models 
All of the analytical solutions described above that have been developed to estimate 
stream depletion by groundwater pumping rely on a series of idealized assumptions. 
The assumptions of these models, such as ﬁxed stream stage, no vertical ﬂow in aquifer 
interacting with stream, stream stage same as initial aquifer head, streambed leakage 
modeled using classical conductance/leakance approach which neglects streambed 
storage, isotropic aquifer, and homogenous streambed, have limited applicability in 
natural systems. Thus, there is opportunity to develop a solution that can be used to 
assess drawdown and stream depletion in more realistic stream-aquifer systems than 
those previously considered. 
2.4.2 Numerical Models 
Numerical groundwater models were ﬁrst developed in the 1970s and 1980s to 
overcome some of the simplifying assumptions on which analytical models are based 
(Hunt, 2012). Numerical modeling approaches allow for solution of groundwater ﬂow 
problem in inherently complex natural systems with irregular stream and aquifer 
geometries and heterogeneous hydraulic properties. They are often used to consider 
more complex boundary geometries in one-dimensional problems and to study basin-
scale ﬂow in two and three dimensions (Barlow and Leake, 2012; Bredehoeft and 
Kendy, 2008). According to Barlow and Leake (2012), numerical groundwater models 
are the most powerful tools for estimating streamﬂow depletion from groundwater 
pumping. Several categories of numerical groundwater models exist: 1) ﬁnite diﬀerence, 
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2) ﬁnite element, 3) ﬁnite volume, and 4) analytic element models, all of which require 
user construction and calibration prior to model simulation of system behavior (Faust 
et al., 1980). The most commonly used to simulate groundwater-surface water 
interactions are the ﬁnite diﬀerence and ﬁnite element models, in particular the 
USGS ﬁnite-diﬀerence groundwater-model program, MODFLOW (Brunner et al., 
2010; Harbaugh, 2005; McDonald and Harbaugh, 1988). For example, Nyholm et al. 
(2002) used MODLOW to estimate stream depletion caused by well drawdown in a 
watershed in Denmark. Rodr´ıguez et al. (2006) used MODFLOW to analyze stream-
aquifer interactions in a shallow aquifer on Choele Choel Island, Patagonia, Argentina. 
Fleckenstein et al. (2006) performed numerical simulations using MODFLOW to assess 
how the heterogeneity of alluvial sediments inﬂuences river seepage and low ﬂows 
in the Cosumnes River, California. Although MODFLOW is the most commonly 
used numerical groundwater model, various authors have opted to use lesser-known 
numerical groundwater models to accomplish their research objectives. For example, 
Foster and Allen (2015) conducted numerical modeling using the MIKE SHE ﬁnite-
diﬀerence modeling interface to explore the seasonally and spatially dynamic nature of 
groundwater-surface water interactions in a mountain-to-coast watershed on Vancouver 
Island, British Columbia, Canada. Su et al. (2007) used TOUGH2, a multiphase, 
three-dimensional numerical model to analyze pumping-induced unsaturated regions 
beneath a reach of the Russian River, California. Although numerical models are 
advantageous in that they account for the complexities of natural systems, such models 
will produce biased predictions of stream depletion if not calibrated correctly. Brunner 
et al. (2010) provide some conceptual considerations often unseen during MODFLOW 
calibration that future researchers should review prior to simulation. 
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2.5 Summary 
Groundwater and surface water systems are interconnected. Exchanges between 
groundwater and surface water occur at various scales so any alteration to one directly 
or indirectly aﬀects the other. Groundwater abstraction can cause streamﬂow depletion 
in hydraulically connected stream-aquifer systems, but the rates, timing, and location 
of depletion are highly variable. The factors that inﬂuence the rates and timing 
of streamﬂow depletion include the number of wells and distance of each from the 
stream, the hydrologic conditions along the boundaries of the groundwater system, 
and the geologic structure, dimensions, and hydraulic properties of the aquifer and 
the streambed. A wide range of methods exist to measure groundwater-surface 
water interactions, but there are limitations and uncertainties associated with all 
techniques. Thus, a multi-scale approach combining multiple measurement techniques 
is recommended to constrain estimates of water ﬂuxes between streams and aquifers. 
Scientiﬁc research since the early 1940s has improved understanding of the causes 
and behavior of streamﬂow depletion, but under changing climatic conditions and 
population growth the need for continued scientiﬁc research remains. 
As indicated by this literature review, groundwater-surface water interactions are 
inherently complex and dynamic in nature. For this reason, it is imperative to have 
a thorough understanding of subsurface conditions and knowledge of the degree of 
stream-aquifer connectivity in a particular area for appropriate water resource policy 
and management decisions to be made. Recently, concerns have arisen regarding the 
abstraction of groundwater from agricultural wells for crop irrigation on lower Scotts 
Creek and the potential impacts these activities may have on stream ﬂows during the 
summer low-ﬂow period. The following chapters of this thesis provide a description of 
the study site, the basis of the streamﬂow depletion concerns, the methodologies used 
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to test the hypothesis and to achieve the objectives of the research, a presentation 
of results of the tests performed, and a discussion of study ﬁndings accompanied by 
sustainable groundwater pumping recommendations. 
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CHAPTER 3: DESCRIPTION OF STUDY AREA 
3.1 Location and Biophysical Environment 
Scotts Creek is a 78 km2 coastal watershed located approximately 100 km south 
of San Francisco in Santa Cruz County, California. It originates in the Santa Cruz 
Mountains within the Coast Range and meanders southwest for 19 km before emptying 
into the Paciﬁc Ocean. The creek is fed by three perennial tributaries (Mill, Big, 
and Little creeks), three intermittent tributaries (Winter, Archibald, and Queseria 
creeks), and several small ephemeral drainages (Figure 3.1). An estuary at the outlet 
of the Scotts Creek watershed becomes a freshwater lagoon during the summer low 
ﬂow period when a sandbar builds up at the creek mouth (Marston, 1992, Snider et 
al., 1995). The focus of this study was on lower Scotts Creek, speciﬁcally the stream 
reach between Archibald and Queseria creeks and the underlying alluvial aquifer. 
Groundwater pumping is most prevalent in this region of the watershed. 
The climate of the Santa Cruz Mountains is of the Mediterranean type with cool 
wet winters and warm dry summers. Most of the annual precipitation occurs as rain 
between October and April averaging 1270 mm (50 in). During summer months, a fog 
bank forms along the coast bringing cool moist air to lower elevation, fog-dependent 
ecosystems. Stream ﬂows in Scotts Creek during summer months are very low (≤ 0.1 
m3/s or ≤ 4 cubic feet per second (cfs)) and reach chronically dry levels until the 
ﬁrst rain event in the fall. In the winter, Scotts Creek exhibits peak ﬂows ranging 























Figure 3.1: The study location at Swanton Paciﬁc Ranch in the Scotts Creek watershed, 
Santa Cruz County, California. 
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Archibald Creek. 
The Scotts Creek watershed lies in the tectonically active central California Coast 
Ranges between the San Gregorio and San Andreas fault zones. The watershed rests 
on the Salinian block, which is comprised of dominately quartz diorite (Cretaceous), 
Santa Margarita Sandstone (Miocene), and Santa Cruz Mudstone (Late Miocene). The 
sedimentary rocks (Santa Margarita Sandstone and Santa Cruz Mudstone) dominate 
the surface geology of the Scotts Creek watershed, but the granitic basement is 
evident in the upper reaches of the main stem and tributaries. The lower portion 
of the watershed consists of alluvium from mixed rock sources overlying Santa Cruz 
Mudstone bedrock (Taskey, 2017). 
The Scotts Creek watershed supports a diverse community of over 600 native 
plant species (West, 2014). The upper portion of the watershed is high gradient and 
dominated by mixed conifer stands of coast redwoods (Sequoia sempervirens) and 
Douglas ﬁr (Pseudotsuga menziesii), and mixed hardwood stands of Douglas ﬁr, tanoak 
(Notholithocarpus densiﬂorus), paciﬁc madrone (Arbutus menziesii), California bay 
laurel (Umbellularia californica), and coast live oak (Quercus agrifolia). The ridgelines 
are dominated by knobcone pine (Pinus attenuata) and various chaparral species 
including manzanita (Arctostaphylos spp.) and chamise (Adenostoma fasciculatum). 
The lower portion of the watershed is low gradient and supports a thick riparian plant 
community of red alder (Alnus rubra), arroyo willow (Salix lasiolepis), yellow willow 
(Salix lutea), and big leaf maple (Acer macrophyllum). 
Scotts Creek is unique in that it supports the southernmost extant population of 
coho salmon in North America, which is listed as a federally-endangered species under 
the U.S. Endangered Species Act (ESA). Scotts Creek also provides habitat for several 
other sensitive species including the steelhead trout, tidewater goby (Eucyclogobius 
newberyi), and red-legged frog (Rana aurora) (Marston, 1992; Snider et al., 1995). A 
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variety of factors including overﬁshing, changes in climatic and oceanic conditions, 
reduction in water quality, and habitat degradation have contributed to declines in 
the natural population of coho salmon. In Scotts Creek, the native coho salmon 
population has survived despite natural and anthropogenic stresses. 
3.2 Development of Lower Scotts Creek Groundwater 
Resources 
Swanton Paciﬁc Ranch (SPR), a 13 km2 (3,200-acre) educational and research 
facility owned by Cal Poly Corporation and managed by the College of Agriculture, 
Food, and Environmental Sciences (CAFES), currently leases approximately 0.25 km2 
(65 acres) of prime agricultural cropland on lower Scotts Creek to Jacobs Farm/Del 
Cabo. Three high-capacity irrigation wells (Archibald, Pump House, and VFD wells) 
provide groundwater for agricultural purposes including irrigation. A fourth well 
(Queseria Well) located downstream of the VFD Well is used primarily as a monitoring 
well. Well completion reports requested from the California Department of Water 
Resources (CDWR) indicate that two irrigation wells were established on lower Scotts 
Creek in 1964. A third irrigation well was installed in 1984. The well completion 
reports provide valuable information pertaining to well construction and the types of 
sediments removed during installation (see Appendix A for well completion reports). 
However, the reports lack a detailed description of drilling location making it diﬃcult 
to match each report to its respective well. That said, based on well completion 
reports, ﬁeld inspection of the wells, and information provided by Swanton Paciﬁc 
Ranch staﬀ, it is believed that the Archibald and VFD wells were completed in 1964 
and that the Pump House Well was installed later in 1984. On this basis, it is inferred 
that the Archibald Well is 12 inches in diameter, 110 feet deep, and perforated from 
15 to 105 feet (report No. 67476). An additional report indicates that the Archibald 
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Well was cleaned in 1984, although there is no indication as to why a cleaning was 
needed (report No. 056712). The existing 12-inch casing was cleaned out to 70 feet 
and 60 feet of 8-inch pipe with 10 feet of blank casing was installed. The VFD Well is 
12 inches in diameter, 110 feet deep, and perforated from 50 to 110 feet (report No. 
67477). The Pump House Well is 8 inches in diameter, 110 feet deep, and perforated 
from 60 to 110 feet (report No. 056730). All three wells are steel cased. The well 
completion reports indicate depth to bedrock ranges from 105–108 feet. The Queseria 
Well is 6 inches in diameter and made of plastic (likely polyvinyl chloride (PVC)), but 
the total depth and screened interval is unknown. 
Currently, the VFD and Pump House wells are the two wells primarily used by 
Jacobs Farm to irrigate crops. Flowmeter and pressure transducer data indicate that 
the wells are pumped at an average rate of 200 gpm for a duration of 4–10 hours 
six times a week from May through October. Figures 3.2 and 3.3 show pressure 
transducer data, with head in meters relative to the installation point of the pressure 
transducer (all subsequent graphs with “head” on y-axis have same aforementioned 
datum/reference point), recorded in the VFD and Pump House wells, respectively. 
The Archibald Well, which is mainly used to ﬁll a Jacobs Farm water tank, is pumped 
for a duration of 2–8 hours ﬁve times a week May through October (Figure 3.4). 
The greatest groundwater withdrawals from all three wells occur during the mid-
to late-summer period (July through September) when crop irrigation demands are 
highest. During this time, both the duration and frequency at which the wells are 
pumped reaches a maximum level. Even so, the heads in all of the irrigation wells 
on lower Scotts Creek rebound to pre-pumping static levels when no water is being 
abstracted, indicating a stable groundwater supply (no signiﬁcant/discernible chronic 
drops in groundwater levels). Cumulatively, the volume of groundwater abstracted on 
lower Scotts Creek is approximately 40 acre-feet (AF) a year. 
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Figure 3.2: Head (m) in VFD Well under normal pumping conditions (July 18–24, 
2016). 
Figure 3.3: Head (m) in Pump House Well under normal pumping conditions (August 
15–21, 2016). 
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Figure 3.4: Head (m) in Archibald Well under normal pumping conditions (July 11–17, 
2016). 
3.3 The Lower Scotts Creek Instream Flow Controversy 
Historically, lower Scotts Creek has been greatly modiﬁed by agricultural develop-
ment and the construction of Highway 1. In the early 1900s, the lower approximately 1 
km of the Scotts Creek stream channel was artiﬁcially leveed on both sides to maximize 
the amount of arable land and to prevent ﬂooding of agricultural crops. In 1939, the 
Highway 1 bridge was constructed at the outlet of Scotts Creek. These modiﬁcations 
to the stream channel signiﬁcantly degraded aquatic habitat quality on lower Scotts 
Creek adversely aﬀecting coho salmon and steelhead trout populations (Marston, 
1992). In 2015, a stream restoration project designed to improve salmonid habitat on 
lower Scotts Creek by restoring ﬂoodplain and instream habitat for winter refugia and 
summer rearing was completed. The artiﬁcial levees were breached in several locations 
to improve ﬂoodplain connectivity and large instream wood complexes were installed to 
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increase channel complexity (Cook, 2016). Although salmonid habitat on lower Scotts 
Creek has been improved in recent times, it has long been speculated that surface 
water diversions by private landowners for domestic uses and groundwater pumping 
by Swanton Paciﬁc Ranch for crop irrigation adversely aﬀect salmonid populations 
in Scotts Creek by depleting stream ﬂows, particularly during the summer low-ﬂow 
period (Marston, 1992; Snider et al., 1995). 
The California Department of Fish and Wildlife (previously California Department 
of Fish and Game) stream survey records, which date back to 1934, state that the 
lower reach of Scotts Creek was often chronically dry during summer/fall months and 
that on several occasions the stream channel dried up completely resulting in degraded 
water quality in the lagoon and mass die-oﬀs of juvenile coho salmon and steelhead 
trout (Marston, 1992). In recent years, critically low ﬂows (≤ 2 cfs) occur regularly 
from late August to early October (Snider et al., 1995). In 2012, CDFW developed a 
draft set of instream ﬂow recommendations for lower Scotts Creek (stream mile 0.3 
upstream to stream mile 0.9) for transmittal to the California State Water Resources 
Control Board (SWRCB) to ensure that adequate stream ﬂows for ﬁsh and wildlife 
resources are maintained. Scotts Creek was selected for development of recommended 
minimum instream ﬂow levels because it is a signiﬁcant watercourse with high resource 
value (CDFG, 2012). The recommended monthly instream ﬂow conditions were based 
on an analysis of the relationship between the percentage of available habitat using a 1-
dimensional Physical Habitat Simulation System (PHABSIM) model, ﬂow availability, 
and salmonid life stage (CDFG, 2012). However, the recommended minimum instream 
ﬂow levels proposed for steelhead and coho salmon fry and juvenile rearing (≥ 6 cfs 
June–October) were found to be higher than current measured ﬂows indicating that 
minimum suggested ﬂows are rarely achievable. The recommended ﬂows produced by 
PHABSIM are primarily based upon ﬂow levels predicted to maximize habitat for each 
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life stage of steelhead and coho salmon. That said, PHABSIM does have limitations, 
the major one being that the existence of adequate physical habitat is necessary 
but does not guarantee a species’ survival. There are countless interactions between 
species and the environment that inﬂuence the state of the ecosystem that PHABSIM 
is not capable of modeling (Milhous, 1999). Consequently, the methodology used to 
establish minimum instream ﬂow levels has been scrutinized and is currently being 
reviewed. The implication of the review is that domestic surface water diversions and 
agricultural groundwater pumping may be restricted to ensure that adequate instream 
ﬂow levels are maintained during low ﬂow periods to protect the aquatic environment. 
Currently, minimum instream ﬂow requirements in Scotts Creek continue to be of 
environmental and economic concern. The need for suﬃcient instream ﬂow levels to 
sustain salmonid populations during low ﬂow periods, and, simultaneously, continued 
water availability for agricultural and domestic uses creates a critical management issue. 
This study aims to address concerns related to groundwater pumping by conducting a 
detailed investigation of stream-aquifer interactions on lower Scotts Creek. 
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CHAPTER 4: EXPERIMENTAL APPROACH AND MODELING 
In this chapter, the ﬁeld and laboratory methods used to characterize the lower 
Scotts Creek alluvial aquifer and to quantify the degree of hydraulic connectivity be-
tween the stream and the aquifer are described. The ﬁeld methods include exploratory 
borehole drilling, installation of piezometers, pumping tests, instream dye tracer 
tests, and electrical resistivity surveys. Next, laboratory measurements of hydraulic 
conductivity including falling-head permeameter tests and particle size analyses of 
aquifer sediments are discussed. Rate of stream depletion is then calculated using the 
hydraulic properties of the aquifer and aquitard as determined by ﬁeld and laboratory 
methods. Finally, data from the previously stated ﬁeld and laboratory methods are 
used to construct a numerical groundwater ﬂow model (MODFLOW) and simulations 
are performed. 
4.1 Field Investigations 
4.1.1 Exploratory Borehole Drilling 
Eighteen exploratory boreholes (Figure 4.1) were drilled on the lower Scotts 
Creek ﬂoodplain using a direct push hydraulic probe (AMS PowerProbe 9120-RAP) 
(Figure 4.2a) to obtain sediment cores (Figure 4.2b) for stratigraphic and structural 
characterization of the subsurface, laboratory testing, and to install piezometers for 
monitoring of groundwater levels. Fourteen exploratory boreholes were drilled during 
the summer of 2016 and an additional four boreholes were drilled during the summer of 
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2017. The fourteen boreholes completed in the summer of 2016 were drilled to depths 
not exceeding 32 feet (all depths are below ground surface), with the majority of the 
boreholes drilled to about 16 feet depth (ﬁrst groundwater was intercepted at shallow 
depths of a few feet below ground surface so 16 feet was considered an adequate depth 
for piezometer installation/monitoring of groundwater levels). The four boreholes 
completed during the summer of 2017 were drilled to depths not exceeding 40 feet. 
Drilling depth was limited to 40 feet by drilling equipment and tooling capabilities. 
In all boreholes, ﬁrst groundwater was intercepted at shallow depths not exceeding 
10 feet, and in some locations, depths to the water table were as shallow as 2 feet. 
Undisturbed sediment cores were collected from all boreholes. A 4-foot long by 1.5-inch 
diameter plastic sediment collection sleeve was mounted inside the leading section of 
2.25-inch diameter drilling tooling and slowly pressed into the sediment. As boreholes 
were drilled, sediment cores were retrieved, visually inspected to note composition 
and other physical characteristics, and stored for laboratory testing. Visual inspection 
revealed a mixture of sediment units and a range of textures, including gravels, sands, 
silts, and clays. A wide variation in layer thickness, grain size, and sorting of grains 
was observed. In boreholes drilled to 20 feet depth, samples generally consisted of 
unconsolidated sediment comprised of brown sandy loam from land surface to a depth 
of about 4 feet, brown to red micaceous silty sand and gravel from about 4 feet to 
approximately 16 feet depth, and a dark gray to black silt and clay zone from around 
16 to 20 feet depth. The apparent silt and clay layer was encountered in all drilling 
locations, but depth to ﬁrst indication and vertical extent varied. Additionally, the 
lithology of the layer varied from ﬁne-grained silty sand to clay. Figure 4.3 is the log 
of boring exploratory borehole 1 (EB-1) and provides a description of the subsurface 
conditions encountered during drilling and the sediments retrieved (see Appendix B 
















































Figure 4.2: (a): The AMS PowerProbe 9120-RAP used to drill exploratory boreholes 
and to install piezometers, and; (b): EB-1 sediments collected from 0 (top) to 24 
(bottom) feet. 
drilled to depths exceeding 20 feet, and four of the seven boreholes were drilled to 
depths exceeding 24 feet. Beyond 20 feet depth, sediments generally consisted of sand 
and gravel interbedded with deposits of silt and clay. In the deep boreholes (> 24 
feet depth), heaving of sediments occurred around 30–40 feet depth when the drilling 
tooling breached through a semi-conﬁning unit into a fully saturated sand and gravel 
layer. The heaved sediments comprised moderately well sorted clean (low in ﬁnes) 
sand and gravel. 
The complex interbedding of ﬁne- and coarse-grained sediments observed in all 
eighteen boreholes indicates a varied depositional environment. The ﬁne silt and 
clay sediments appear to form a thin and laterally discontinuous semi-conﬁning low-
permeability layer (aquitard) of variable thickness and spatial extent overlying a 
relatively homogeneous sand and gravel aquifer as indicated by the heaving (due to a 
diﬀerent and higher pressure) of sands and gravels between 30 and 40 feet depth. In 
some locations, the aquitard appears to form a single continuous unit, but in general 
is is discontinuous, forming a semi-conﬁning layer that is a heterogeneous unit of 
low-permeability material layered with thin permeable zones. 













































Logged By: D. Pritchard-Peterson
Drilled By: DPP & BM Lat/Long: 37.048083, -122.225841














LOG OF BORING: EB-1
Time: 09:00Location: Swanton Pacific Ranch
Project: Lower Scotts GW-SW Study
Hole Depth: 24 feet
Hole Diameter: 2.25 inches









SILTY SAND. Brown. Common fine roots.
SILTY SAND. Light brown. Fine- to medium-grained sand.
SAND AND GRAVEL. Yellowish brown. Few coarse gravel particles. 
SILTY SAND AND GRAVEL. Reddish brown. Fine- to coarse-grained gravel. 
Coarse gravel particles. Common redoximorphic features.
SILTY SAND AND GRAVEL. Brown. Coarse gravel particles.
SILTY SAND AND GRAVEL. Light brown. Coarse gravel particles. 
SILTY SAND AND GRAVEL. Yellowish brown. Wet.
SILTY SAND. Grayish brown. Fine- to medium-grained sand. Wet.
SILTY SAND AND GRAVEL. Yellowish brown. Few coarse gravel particles.
SILTY SAND. Dark gray. Fine-grained sand. Wet. 
SILTY SAND AND GRAVEL. Light gray. Coarse-grained sand and fine- to 
medium-grained gravel. Wet. 
SILTY SAND AND GRAVEL. Gray. Coarse gravel particles.
Figure 4.3: Log of boring EB-1. 
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surface, the more signiﬁcant water-bearing formation appears to be the sand and 
gravel aquifer located at depths of 30 feet and greater. Exploratory borehole drilling 
results suggest that Scotts Creek is hydraulically connected to the upper unconﬁned 
aquifer (layer 1) where ﬁrst water was encountered, but is separated, by a thin silt and 
clay aquitard (layer 2), from the lower semi-conﬁned sand and gravel aquifer (layer 3) 
where the irrigation wells are completed. 
4.1.2 Piezometer Installation 
Two sets of piezometers were installed on lower Scotts Creek: 1) riparian and 
2) instream. During exploratory borehole drilling operations, riparian piezometers 
were installed to monitor groundwater levels. Nine piezometers were installed in 
June 2016 between the Pump House and VFD wells, and between the wells and 
stream channel. A cluster of ﬁve piezometers (PHP-1 -5) were installed near the 
Pump House Well, and a cluster of four piezometers (VFDP-1 -4) were installed near 
the VFD Well. Four additional piezometers were installed in May and June 2017 
between the irrigation wells and Swanton Road (JFP-1 -3), and just east of Swanton 
Road (AP-1) (Figure 4.4). Piezometers were installed using the AMS direct push 
hydraulic probe by drilling 2.25-inch diameter boreholes. Each piezometer consisted 
of a 1-inch diameter PVC casing with the bottom 1 foot perforated to act as a 
screen (Figure 4.5a). The annulus around each piezometer was ﬁlled with coarse 
sand. Upon completion, piezometers were equipped with vented pressure transducers 
(INW PT2X Smart Sensor with ± 0.05% full scale output (FSO) typical error and ± 
0.1% FSO maximum error) for continuous monitoring of groundwater levels. Pressure 
transducer logging intervals were set to 15 minutes for long-term data collection and 
were adjusted to shorter logging intervals during pumping tests. Figure 4.6 is an 
example of long-term groundwater level data recorded in Pump House Piezometer 
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1 (PHP-1) over a one week period in summer of 2016. The data show the diurnal 
ﬂuctuations in groundwater levels (∼ 1 cm) in response to evapotranspiration by 
riparian vegetation (phreatophytes). The depth to water, total depth, and height of 
the riser (above ground surface) of each piezometer measured on August 16, 2017 are 
provided in Table 4.1. 
Five instream piezometers were installed in June 2016 in Scotts Creek to measure 
stream stage. Instream piezometers were installed by driving a fence post into the 
streambed and securing to the post using hose clamps an approximately 5-foot length 
of 1.5-inch diameter PVC casing with the bottom 1 foot perforated and the end 
capped (Figure 4.5b). One instream piezometer was installed approximately 100 m 
upstream of the Scotts Creek/Archibald Creek conﬂuence (Arch-up) as a control 
while the additional four piezometers were installed near the VFD (VFD-up and 
-down) and Pump House (PH-up and -down) wells (Figure 4.4). Instream piezometers 
were equipped with non-vented absolute pressure transducers (HOBO U20L Water 
Level Logger with ± 0.1% FSO typical error and ± 0.2% FSO maximum error) for 
continuous monitoring of stream stage. A HOBO U20L Water Level Logger was 
deployed above the water in the shade to compensate for barometric pressure changes. 
Pressure transducer logging intervals were set to 5 minutes. Instream piezometers 
were removed August 11, 2016, ﬁve days after pumping tests were completed. The 
depth to water in each instream piezometer measured on August 6, 2016 are provided 
in Table 4.1. 
Following piezometer installation, the geographic location and elevation of piezome-
ters and irrigation wells were determined using electronic survey equipment (Topcon 
total station) (Table 4.1; see Appendix C for geographic locations). Permanent sur-
vey control points established during a recent stream restoration project on lower 
























































Figure 4.4: The locations of irrigation wells, riparian piezometers, and instream 
piezometers on lower Scotts Creek. 
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(a) (b) 
Figure 4.5: (a): Riparian piezometer equipped with an INW PT2X Smart Sensor for 
continuous monitoring of groundwater levels, and; (b): Instream piezometer equipped 
with a HOBO U20L Water Level Logger for continuous measurement of stream stage. 
Figure 4.6: Head (cm) in PHP-1 over one week period (August 30–September 6, 2016). 
The data clearly shows the diurnal ﬂuctuations in groundwater levels as a result of 
evapotranspiration by phreatophytes. 
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well casing. The survey was performed using the North American Datum (NAD) 
1983 California State Plane Zone III FIPS 0403 Feet projected coordinate system. 
Latitude and longitude were recorded in decimal degrees and elevations (above mean 
sea level (AMSL)) were recorded in feet. The elevation of the upstream-most instream 
piezometer (Arch-up) was not measured due to a lack of survey control in that location. 
Table 4.1: Elevation (feet AMSL), depth to water, total depth, and height of the riser 
(above ground surface) of each piezometer and each irrigation well. Static water levels 
in riparian piezometers and irrigation wells were measured August 16, 2017. Static 
water levels in instream piezometers were measured August 6, 2016. All measurements 
in feet from top of PVC/steel casing. Dash (–) indicates data are either not available 
or not applicable. 
Piezometer/Well ID Elevation Depth to Water Total Depth Riser Height 
PHP-1 25.15 8.66 17.10 1.90 
PHP-2 24.03 8.27 17.45 2.03 
PHP-3 24.13 8.16 17.00 3.03 
PHP-4 23.57 7.50 16.65 2.14 
PHP-5 24.54 5.60 9.86 2.57 
VFDP-1 18.98 5.76 14.75 1.77 
VFDP-2 19.88 6.87 11.17 1.60 
VFDP-3 20.81 7.91 12.94 2.04 
VFDP-4 19.92 7.18 16.10 2.10 
JFP-1 22.78 10.55 26.95 1.55 
JFP-2 25.53 6.84 19.20 2.35 
JFP-3 23.60 10.32 22.67 1.84 
AP-1 30.90 5.02 13.41 3.57 
Arch-up − 3.16 − − 
PH-up 21.24 3.57 − − 
PH-down 19.03 2.94 − − 
VFD-up 18.25 3.74 − − 
VFD-down 16.52 2.99 − − 
Archibald 31.96 8.11 110.00 1.95 
Pump House 28.43 − 110.00 2.50 
VFD 20.12 − 110.00 0.40 
Queseria 17.40 − − − 
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4.1.3 Pumping Tests 
A pumping test is an aquifer test that indicates how the hydraulic head in a 
water-bearing formation responds to groundwater withdrawals and is the most reliable 
method to determine aquifer hydraulic parameters and to investigate stream-aquifer 
connectivity (Bradbury and Muldoon, 1990; Heath, 1983; Kalbus et al., 2006). Two 
constant rate pumping tests were conducted in August 2016 to investigate the stream-
aquifer relationship on lower Scotts Creek and to estimate the hydraulic properties of 
the aquifer. The pumping wells were the VFD and Pump House wells. The pumping 
rate was recorded every 15 minutes in gallons per minute using an electronic water 
ﬂowmeter installed on the discharge pipe at the well head. Abstracted groundwater was 
pumped approximately 500 m through a pipeline and discharged onto the Queseria 
Creek ﬂoodplain downstream and outside of the study area. The drawdown and 
recovery were monitored in the pumping well, six piezometers, and the irrigation wells 
that served as observation wells when not being pumped. Stream stage was measured 
in the ﬁve instream piezometers. 
The ﬁrst pumping test was conducted at the downstream-most irrigation well, the 
VFD Well, and was initiated on August 1, 2016 at 15:00 after a three day quiescent 
period of no pumping. Water was abstracted from the VFD Well at an average rate 
of 268 gpm (see Appendix D for ﬂowmeter data) for 24 hours (Figure 4.7). The 
response in the VFD Well is shown in Figure 4.8. Pumping test duration was limited 
to 24 hours due to limitations imposed by Jacobs Farm/Del Cabo irrigation needs. 
Groundwater levels were monitored in the Queseria, Pump House, and Archibald 
wells, VFD piezometers 1–4, and Pump House Piezometer 2. Additionally, stream 
stage was measured in the ﬁve instream piezometers. The VFD Well was shut oﬀ after 
24 hours of constant pumping and groundwater level recovery was monitored for two 
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days before the next pumping test was initiated. 
Figure 4.7: VFD Well pumping test ﬂow rate (gpm). 
Figure 4.8: Head (m) in VFD Well during pumping test. 
The second pumping test was initiated on August 5, 2016 at 14:00 after two days 
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of groundwater recovery following the VFD Well pumping test. Water was abstracted 
from the Pump House Well at an average rate of 254 gpm for 24 hours (Figure 4.9). 
The response in the Pump House Well is shown in Figure 4.10. Groundwater levels 
were monitored in the Queseria, VFD, and Archibald wells, Pump House piezometers 
1, 3, 4, and 5, and VFD Piezometer 4. Stream stage was measured in the ﬁve instream 
piezometers. The Pump House Well was shut oﬀ after 24 hours and groundwater level 
recovery was monitored for two days before normal pumping operations by Jacobs 
Farm resumed. 
Figure 4.9: Pump House Well pumping test ﬂow rate (gpm). 
Water-level data measured in observation wells and piezometers during the pumping 
tests were analyzed to determine spatial and temporal variations in water ﬂow in 
the aquifer and stream in response to pumping. An attenuated and delayed response 
to pumping was observed in almost all piezometers (Figures 4.11, 4.12, 4.13, 4.14, 
4.15, 4.16, and 4.17). Several piezometers (VFDP-1, VFDP-2, VFDP-4, and PHP-2) 
were recovering from installation during the pumping tests making it diﬃcult to 
49 
Figure 4.10: Head (m) in Pump House Well during pumping test. 
diﬀerentiate between the eﬀects of pumping and those from piezometer installation. 
Nevertheless, exceedingly small yet distinguishable drawdown was observed in the 
aforementioned piezometers. No response to pumping was observed in Pump House 
piezometers 3 and 5, or VFD Piezometer 3, because these piezometers were installed 
in the low-permeability layer encountered during direct push sampling and piezometer 
installation. Average drawdown measured in piezometers was approximately 2.5 cm 
with a maximum drawdown of 5 cm measured in PHP-1 (located at a distance of 18 
m from the pumping well) during the Pump House Well pumping test (Figure 4.14). 
Similarly, no response to pumping was observed in the instream piezometers during the 
VFD Well pumping test, but a small decrease in stream stage of approximately 1 cm 
was measured in the instream piezometers adjacent to the Pump House Well (PH-up 
and PH-down) following the Pump House Well pumping test (Figure 4.17). However, 
it is uncertain whether the small decrease in stream stage was caused by groundwater 
pumping or if it can be attributed to natural factors given that the observed response 
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was well within the limits of the water-level accuracy (1–2 cm) of the transducers 
used. Conversely, water levels measured in observation wells (Figures 4.18, 4.19, 4.20, 
and 4.21) showed a direct and unambiguous response to pumping with a maximum 
drawdown of approximately 0.9 m measured in the VFD Well (located at a distance 
of 260 m from the pumping well) during the Pump House Well pumping test (Figure 
4.20). Drawdown measured in the pumping wells themselves was approximately 5.5 
m in the VFD Well and 15.5 m in the Pump House Well (Figures 4.8 and 4.10, 
respectively). Table 4.2 provides a summary of maximum drawdown and lag time 
(elapsed time between when pumping began and peak drawdown occured) measured 
in piezometers and observation wells during the pumping tests, as well as the linear 
distance from the pumping well (VFD Well or Pump House Well) to each piezometer 
and each observation well. 
Table 4.2: Summary of maximum drawdown and lag time measured in piezometers 
and observation wells during pumping tests, as well as the linear distance from the 
pumping well to each piezometer and each observation well. 
Piezometer/Well ID Drawdown (cm) Lag Time (hrs) Dist. From Well (m) 
VFDP-1 0.8 66 22 
VFDP-2 1.2 66 7 
VFDP-4 2.1 57 92 
PHP-1 5.0 27 18 
PHP-2 2.7 66 214 
PHP-4 3.8 27 36 
PH-up/PH-down 1.0 140 77/91 
Archibald 6.0 24 305 
Pump House 65.0 24 260 
VFD 90.0 24 260 
Queseria 45.0 24 325 
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Figure 4.11: Drawdown (cm) in VFDP-1 during VFD Well pumping test. 
Figure 4.12: Drawdown (cm) in VFDP-2 during VFD Well pumping test. 
52 
Figure 4.13: Drawdown (cm) in VFDP-4 during VFD Well pumping test. 
Figure 4.14: Drawdown (cm) in PHP-1 during Pump House Well pumping test. 
53 
Figure 4.15: Drawdown (cm) in PHP-2 during VFD Well pumping test. 
Figure 4.16: Drawdown (cm) in PHP-4 during Pump House Well pumping test. 
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Figure 4.17: Normalized stream stage (cm) recorded 29 July–11 August, 2016. Rect-
angle indicates time period during which pumping tests occurred. 
Figure 4.18: Drawdown (m) in Archibald Well during Pump House Well pumping test. 
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Figure 4.19: Drawdown (m) in Pump House Well during VFD Well pumping test. 
Figure 4.20: Drawdown (m) in VFD Well during Pump House Well pumping test. 
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Figure 4.21: Drawdown (m) in Queseria Well during VFD Well pumping test. 
4.1.4 Dye Tracing 
Dye tracer studies provide a cost-eﬀective method that poses little environmental 
risk for measuring the exchange of water between streams and aquifers (Rosenberry 
and LaBaugh, 2008; Kilpatrick and Cobb, 1985). Prior to, during, and after the 
pumping tests, a constant rate injection method, using a ﬂuorescent dye tracer (20% 
Rhodamine WT), was used to estimate surface-subsurface water exchange along lower 
Scotts Creek. Each injection location was carefully selected approximately 100 m 
upstream of the pumping well. During each injection, nine gallons of Rhodamine 
dye were mixed with an equivalent amount of water yielding a total of 18 gallons in 
a 35 gallon plastic container. The concentration of Rhodamine dye was 12.5 mL/L 
during both injections. A small medical grade peristaltic pump (Solinst Canada Ltd.) 
was used to continuously inject the dye solution into the stream through a single 
injection tube placed in the middle of the stream channel at a rate of 10 mL/min. 
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Tracer concentration (parts per billion (ppb)) and temperature (◦C) were measured in 
the stream every 5 minutes with a ﬂuorometer (Precision Measurement Engineering 
Cyclops-7 Logger) placed in the middle of the stream channel ﬂow on the streambed 
at a point approximately 200 m downstream from the injection point. A steady state 
concentration of approximately 24 ppb Rhodamine was achieved in the stream prior to 
the initiation of each well pumping test. Well eﬄuent was sampled every 30 minutes 
for the ﬁrst 2 hours of each pumping test to test for traces of Rhodamine in abstracted 
groundwater by collecting a 250 mL grab sample at the well head. Samples were 
labeled and stored in a cardboard box to reduce photocatalytic degradation of the 
Rhodamine. The concentration of Rhodamine in grab samples was measured in the 
laboratory two days after collection using a ﬂuorometer, calibrated using dilution 
from a sample of the injectate solution. After each well pumping test, data were 
downloaded from the ﬂuorometer to a computer and time-concentration data were 
plotted as shown in Figure 4.22. 
Visual analysis of the time-concentration data shown in Figure 4.22 suggests 
that the VFD Well pumping test had an insigniﬁcant eﬀect on the concentration 
of Rhodamine dye tracer in the stream. The data show considerable ﬂuctuation in 
dye concentration in the stream prior to, during, and after the pumping test, likely 
due to natural streamﬂow variations and changes in the dye injection rate caused by 
unexpected clogging of the peristaltic pump tubing. There is a modest increase in dye 
concentration near the end of the pumping test, followed by a modest lagged decrease 
in concentration (indicating an increase in streamﬂow) after cessation pumping, which 
could be interpreted as impacts of pumping. However, the data generally indicate a 
weak hydraulic connection exists between the stream and pumped aquifer with no 
signiﬁcant change in dye concentration observed as a result of groundwater abstraction. 
Well eﬄuent samples did not contain detectable levels of Rhodamine dye indicating 
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Figure 4.22: Concentration of Rhodamine dye (ppb) in Scotts Creek prior to and 
during the VFD Well pumping test. Rectangle indicates time period during which 
pumping occurred. Gaps in the data are a result of dye injection issues encountered 
during the test. 
surface water from the stream was not abstracted during the pumping tests, or at 
least not during the ﬁrst 2 hours of each test. Dye losses via dye adsorption to particle 
surfaces could have also occurred. 
Unforeseen complications with the peristaltic pump during the Pump House Well 
pumping test dye injection resulted in poor quality data and consequently the injection 
was abandoned. In an attempt to examine water ﬂuxes between the stream and the 
aquifer when groundwater is abstracted from the Pump House Well, slug dye injections 
were conducted to estimate stream discharge under normal pumping conditions. Thirty 
six slug dye injections were completed in September 2016 on a 30 m reach of lower 
Scotts Creek adjacent to the Pump House Well over the course of nine days (two 
weekends and one workweek). Four slug dye injections were performed each day at 
intervals of approximately four hours starting at 08:00 hours and ending at 20:00 
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hours. Each slug injection lasted about 20 minutes and consisted of emptying a 250 
mL bottle of dye solution with a concentration of 2.5 mL/L Rhodamine into the 
stream in the middle of the stream channel ﬂow at the upstream end of a riﬄe. Tracer 
concentration was measured in the stream every 5 seconds with a ﬂuorometer at a 
point 30 m downstream from the injection point. The injection and measurement 
locations were the same for all thirty six injections. Data were downloaded from the 
ﬂuorometer to a computer and dye concentrations measured during each slug injection 
were used to calculate stream discharge. The equation for computing stream discharge 
as measured by the slug injection method is 
V1C1 
Q = R ∞ , (4.1) 
0 
(C − Cb)dt
where Q is the discharge of the stream, V1 is the volume of the tracer solution injected 
into the stream, C1 is the concentration of the tracer solution injected into the stream, 
C is the measured tracer concentration at a given time at the downstream sampling 
site, Cb is the background concentration of the stream, and t is time. The term R ∞ 
0 
(C −Cb)dt is the area under the time-concentration curve and can be approximated 
by 
nX 
(Ci − Cb)(ti+1 − ti−1)/2, (4.2) 
i=1 
where i is the sequence number of a sample, N is the total number of samples, and ti 
is the time when a sample, Ci, is obtained (Kilpatrick and Cobb, 1985). 
Twenty eight of the thirty six slug dye injections produced typical time-concentration 
curves and reasonable estimates of stream discharge; eight of the injections produced 
atypical time-concentration curves and unreasonable estimates of stream discharge and 
were excluded from data analyses (see Appendix E for slug dye injection data). Figure 
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4.23 compares a typical time-concentration curve (smooth line), recorded during the 
ﬁrst slug dye injection on September 10, 2016 at 08:00 hours, to an atypical curve 
(dashed line), recorded during the tenth slug dye injection on September 12, 2016 
at 12:47 hours. Possible reasons for the atypical time-concentration curves include 
depression or enhancement of ﬂuorescence and dye losses. Dye losses occur when there 
is adsorption of dye to particle surfaces, when dye gets trapped in storage areas (e.g., 
eddy), when chemicals like chlorine oxidize or quench dye, and when dye is exposed 
to direct sunlight (Kilpatrick and Cobb, 1985). 
The twenty eight slug dye injections that produced reasonable estimates of stream 
discharge were plotted and visually analyzed (Figure 4.24). Calculated stream ﬂows 
ranged from 2.2 to 2.9 cfs for an average discharge of 2.6 cfs. The travel time of the 
peak concentration from the injection location to the ﬂuorometer was about 3 minutes. 
There is an overall downward trend in stream discharge over the course of the nine days. 
Stream discharge during the ﬁrst ﬁve days averaged about 0.5 cfs higher than during 
the last four days. However, no signiﬁcant changes in stream discharge as a result of 
groundwater abstraction from the Pump House Well under normal pumping conditions 
were observed. Short-term ﬂuctuations in stream discharge and stage during rainless 
periods can be induced by several natural and anthropogenic factors (e.g., diurnal 
cycle of water uptake by vegetation, changes in streambed hydraulic conductivity 
triggered by temperature variations, and time-varying rates of groundwater extraction) 
making it diﬃcult to attribute changes observed to any one phenomena without high 
resolution data (Gribovszki et al., 2010). 
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Figure 4.23: Comparison of typical (smooth line) and atypical (dashed line) time-
concentration curves of slug dye injections. 
Figure 4.24: Stream discharge (cfs) calculated from slug dye injection time-
concentration curves. Rectangle indicates time period during which pumping occurred 
and dashed line shows data trend. 
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4.1.5 Geophysical Surveys 
Geophysical methods are commonly used to acquire information regarding the 
structural and hydraulic properties of aquifers, and are particularly useful for improving 
understanding of aquifer spatial heterogeneity (Goebel et al., 2017; Goldman and Kafri, 
2006). Electrical resistivity tomography (ERT) surveys were conducted in October 
2016 following the initial exploratory borehole drilling operations and pumping tests to 
delineate aquifer geometry, identify hydrogeologic boundaries, and establish the spatial 
continuity of the aquitard on lower Scotts Creek. An automatic resistivity meter 
(SYSCAL Kid Switch) with a 24-electrode string manufactured by IRIS Instruments 
was used to conduct the surveys. Resistivity measurements were collected using 
the Wenner PRF Switch array. Field data were downloaded from the resistivity 
meter to a computer using PROSYSII software where the data were converted to 
RES2DINV format and a two-dimensional (2D) resistivity model for the subsurface 
was generated using a linear depth axis and a common resistivity scale. RES2DINV 
uses a least-squares inversion scheme involving the ﬁnite-diﬀerence method to produce 
both measured and calculated apparent resistivity pseudosections for data obtained 
from ERT surveys, as well as an interpretation model for the subsurface. 
Three ERT surveys were performed—one approximately 10 m north of the VFD 
Well and roughly parallel to Scotts Creek (S2E) and the other two approximately 100 
m east of the VFD Well (one perpendicular (S3E) and one parallel (S4E) to Scotts 
Creek) (see Figure 4.25). For survey S2E a 2.5 m electrode spacing was used along 
a 57.5 m proﬁle and yielded an imaging depth of approximately 10 m. For surveys 
S3E and S4E a 5 m electrode spacing was used along a 175 m proﬁle (one roll-along 
each) and yielded an imaging depth of approximately 20 m (Figure 4.26). Table 4.3 




















Figure 4.25: The locations where ERT surveys were performed on lower Scotts Creek. 
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Table 4.3: Location, length, and orientation of each ERT survey. 
Survey ID Location (Lat/Long) Length (m) Orientation (◦) 
S2E 37.0487, -122.2264 57.5 354 
S3E 37.0484, -122.2248 175 87 
S4E 37.0487, -122.2251 175 177 
*m
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Figure 4.26: The two-dimensional (2D) resistivity models for the subsurface for data 
obtained from the ERT surveys completed on lower Scotts Creek. Survey S2E (top) 
was performed near the VFD Well and parallel to the stream channel while surveys 
S3E (middle) and S4E (bottom) were performed between Scotts Creek and Swanton 
Road, and perpendicular and parallel to the stream channel, respectively. 
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Figure 4.26 shows detailed views of each of the three inverted resistivity sections. 
All three ERT proﬁles contain a range of resistivity values from approximately 20–70 
ohm-m. These variations in subsurface resistivity are a result of diﬀerences in pore 
ﬂuid between layers and changes in lithology. To guide interpretation of the inverted 
resistivity sections, proﬁles were compared with data from exploratory borehole logs 
and well completion reports to identify commonalities in lithologic sequences and to 
make inferences about the composition and structure of the shallow subsurface on lower 
Scotts Creek. Figure 4.27 shows typical ranges of resistivities of geologic materials. 
However, comparison between the typical resistivity values for unconsolidated geologic 
materials, such as clay, and gravel and sand, and the resistivities observed in all three 
ERT proﬁles, it is clear that the resistivity values for the lower Scotts Creek subsurface 
are generally low and that Figure 4.27 should simply be used to guide interpretation. 
Figure 4.27: Typical ranges of resistivities of consolidated and unconsolidated geologic 
materials (excerpted from Palacky, 1988). 
Survey S2E shown in Figure 4.26 (top image) suggests a heterogeneous layer exists 
from land surface to a depth of approximately 3 m. The pocket of high resistivity 
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(∼ 66 ohm-m) material located in the middle of the survey proﬁle near the surface is 
interpreted to be unsaturated coarse sand and gravel deposited by a historic stream 
channel based on nearby borehole data. Below the heterogeneous surface zone, a 
mostly laterally continuous homogeneous layer of relatively high resistivity (∼ 50 
ohm-m) that slowly grades to lower resistivity (∼ 40 ohm-m) material starts at a 
depth of approximately 3 m and extends to 10 m (maximum imaging depth). Based 
on nearby exploratory borehole logs and well completion reports, this low resistivity 
layer is believed to be a silt and clay aquitard that acts a vertical ﬂow boundary 
separating the upper and lower aquifer units. 
Surveys S3E and S4E shown in Figure 4.26 (middle and bottom images, respec-
tively), show complex resistivity distributions suggesting that signiﬁcant subsurface 
heterogeneity exists in the surﬁcial aquifer and aquitard at greater distances from the 
stream channel. The pockets of high resistivity (∼ 60 ohm-m) material are believed 
to be coarse sand and gravel deposits low in ﬁnes, while the areas of lower resistivity 
(∼ 40 ohm-m) material are interpreted to be ﬁne-grained sand deposits interlayered 
with silt and clay. The imaging depths of all three ERT proﬁles proved inadequate to 
capture the deep (pumped) aquifer’s location and extent suggesting that it is located 
at depths greater than 10 m near the stream channel (S2E) and depths exceeding 20 
m away from the stream channel (S3E and S4E). 
4.2 Laboratory Measurement of Hydraulic Conductivity 
4.2.1 Permeameter Tests 
Laboratory permeameter tests are the standard procedure performed to measure 
the saturated hydraulic conductivity, K, of sediments taken from the ﬁeld (Bradbury 
and Muldoon, 1990; Hillel, 2003). Saturated hydraulic conductivities of sediment 
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samples collected during exploratory borehole drilling operations were determined in 
a laboratory setting using the falling-head permeameter method to acquire data on 
the spatial variability of hydraulic conductivity in the alluvial aquifer system. The 
falling-head permeameter method gives the hydraulic head h(t) in the falling-head 
tube of diameter dt at time t of ﬂow through a soil sample of diameter ds and length 
L, as 
−t/τ0 h(t) = h0e , (4.3) 
where h0 is the initial head (head at t = 0), and 
d2 t L τ0 = , (4.4) 
d2 sK 
and K is the saturated hydraulic conductivity of the soil sample. From equation 4.3 





= − t 
τ0 
. (4.5) 
Therefore, plotting ln[h(t)/h0] vs t gives a straight line with a slope of −1/τ0 from 
which K can be determined. 
Initially, a ﬂow cell (permeameter) with an inner diameter of 7.82 cm and a falling-
head tube with an inner diameter of 5.08 cm were used. Unconsolidated sediment 
samples were transferred from the plastic collection tubes to the permeameter in 
3 to 4 foot sections and packed under saturated conditions. Great care was taken 
to avoid boundary ﬂow along the walls of the ﬂow cell and to remove trapped air 
from the sediment before measurements were recorded. Experimental runs were 
preceded by several ﬂushes of the ﬂow cell to remove trapped air before measurements 
were made. A WIKA pressure transmitter (0–5 psi/4-20 mA) was attached to the 
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permeameter inﬂow tubing and connected to a Campbell Scientiﬁc CR 300 Datalogger 
to measure the change in pressure (psi) over time (minutes) as a dilute solution of 
sodium chloride (0.01 M NaCl) was allowed to discharge through the sample (Figure 
4.28). The temperature (◦C) of the water was also measured during each test. Flow 
tests were performed in triplicate on each sediment sample to obtain three independent 
measurements, which were averaged for a single estimate of hydraulic conductivity. 
Figure 4.28: Flow test data showing change in head (psi) over time (minutes) for a 
single experimental run on sediments from 12–14 foot interval of EB-1. 
After several measurements, the setup was modiﬁed by switching to a smaller 
permeameter with a diameter of 3.81 cm and length of 15 cm. This allowed for the 
testing of smaller sections of sediment (∼ 2 foot), thereby increasing the number 
of data points per borehole. However, because of the generally low-permeability of 
the sediments, the falling-head permeameter method with the 5.08 cm falling-head 
tube and 3.81 cm permeameter was excruciatingly slow, at times taking more than 
a week to complete one ﬂow test. For that reason, the constant-head permeameter 
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method was tested with the goal of speeding up the ﬂow tests. The setup included an 
adjustable peristaltic pump and two pressure transducers, one on both the inﬂow and 
the outﬂow tube of the permeameter. However, it was found that the constant-head 
method produced poor quality data and was consequently abandoned. Finally, the 
falling-head method with a 1.5 cm diameter falling-head tube (100 mL burette) was 
tested and proved to be the ideal setup. For the majority of the permeameter tests, 
two permeameters of diameters 3.81 cm and 4.50 cm, and both 15 cm in length, 
equipped with pressure transducers and 1.5 cm falling-head tubes were used (Figures 
4.29 and 4.30). The 3.81 cm ﬂow cell assembly included ﬁne ﬁlter paper screens and 
was primarily used to test the permeability of ﬁne sediments. Conversely, the 4.50 cm 
ﬂow cell assembly included coarse stainless steel mesh screens and was primarily used 
to test the permeability of coarse sediments. 
Figure 4.29: Falling-head permeameter setup. 
After each test, data were downloaded from the data logger to a computer as a 




























Figure 4.30: Schematic of falling-head permeameter setup. 
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the hydraulic head divided by the initial head was plotted against time in minutes 
(ln[h(t)/h0] vs t), and a straight-line, passing through the origin (0, 0), was obtained 
(Figure 4.31). The hydraulic conductivity, K, of the sediment was determined using 
the slope of the line, −1/τ0, and equation 4.4. Typical values of saturated hydraulic 
conductivity for unconsolidated geologic materials of diﬀerent texture are listed in 
Table 4.4. Table 4.5 is a summary of saturated hydraulic conductivity values for 
sediments from EB-1 -4 determined using the falling-head permeameter method 
(see Appendix F for individual ﬂow test data). Figure 4.32 provides a graphical 
representation of saturated hydraulic conductivity values for sediments from EB-1. 
Figure 4.31: Plot of ﬂow test data with linear ﬁt for a single experimental run on 
sediments from 12–14 foot interval of EB-1. 
Flow tests were performed on all sediments collected from EB-1 -4. For EB-
5 -8, simply the range in saturated hydraulic conductivity of sediments from each 
borehole was determined by performing ﬂow tests on individual ﬁne- and coarse-
grained sediment samples. The hydraulic conductivity of sediments from EB-5 ranged 
from 2.82 × 10−7 m/s (36–38 ft) to 4.44 × 10−5 m/s (32–34 ft), sediments from EB-6 
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Table 4.4: Typical values of saturated hydraulic conductivity (K) for unconsolidated 
geologic materials of diﬀerent texture (adapted from Hillel, 2003). 
Material Texture K (m/s) Particle Diameter (mm) 
Clay 10−10–10−8 < 0.002 
Silt 10−8–10−6 0.002–0.05 
Sand 10−5–10−3 0.05–2 
Gravel 10−2–10−1 > 2 
Figure 4.32: Saturated hydraulic conductivity (K) in m/s at depth (ft) for sediments 
from EB-1 determined using falling-head method. 
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Table 4.5: Summary of saturated hydraulic conductivity (K) values for sediments 
from EB-1 -4 determined using falling-head permeameter method. 
Depth Range (ft) 
EB-1 
Layer K (m/s) 
0–2 1 5.35 × 10−6 
2–4 1 1.55 × 10−6 
4–6 1 2.27 × 10−5 
6–8 1 6.68 × 10−6 
8–10 1 2.05 × 10−6 
10–12 1 1.65 × 10−5 
12–14 1 5.33 × 10−6 
14–16 1 2.66 × 10−6 
16–20 2 1.84 × 10−6 





















1.74 × 10−6 
7.19 × 10−6 
7.83 × 10−6 
2.62 × 10−7 
1.72 × 10−6 
2.03 × 10−6 
7.17 × 10−7 
1.24 × 10−6 












6.70 × 10−6 
1.86 × 10−6 
3.46 × 10−6 
3.95 × 10−5 

















1.53 × 10−6 
3.03 × 10−6 
6.84 × 10−6 
4.21 × 10−6 
2.49 × 10−6 
3.21 × 10−7 
7.25 × 10−6 
5.38 × 10−6 
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ranged from 9.99 × 10−7 m/s (10–12 ft) to 8.27 × 10−5 m/s (8–10 ft), sediments from 
EB-7 ranged from exceedingly low (not measurable) to 6.78 × 10−5 m/s (18–20 ft), 
and sediments from EB-8 ranged from ≤ 5.74 × 10−8 m/s (18–20 ft) to 5.98 × 10−6 
m/s (32–34 ft). Both EB-7 and EB-8 contained very low-permeability sediments that 
acted as plugs when packed into the ﬂow cells essentially preventing discharge of water 
through the sample. In this case, the falling-head method proved inadequate and 
values of saturated hydraulic conductivity were not obtained. In all boreholes (EB-1 
-8), saturated hydraulic conductivity values varied by an order of magnitude or more. 
4.2.2 Particle Size Analysis 
Measurement of the particle size distribution of unconsolidated geologic materials 
is a common procedure performed to obtain the relative proportions (percentages) by 
dry mass of sand, silt, and clay (some common particle size classiﬁcation schemes are 
compared in Figure 4.33), but also provides a measure of material physical properties 
that can be used to estimate hydraulic conductivity. Particle size analysis is the 
determination of the particle size distribution of the inorganic component (mineral 
fraction) of unconsolidated geologic materials by laboratory methods. Analyses of the 
size and distribution of particles in the geologic material collected from the exploratory 
boreholes were carried out through sedimentation (hydrometer) and dry sieving, and, 
for each sample, a particle size cumulative distribution function (CDF) was plotted 
from which the particle size parameters needed to calculate hydraulic conductivity 
were determined. Figure 4.34 shows typical particle size distribution curves for various 
types of unconsolidated geologic materials. 
Twenty-nine 300 g air-dry sediment samples were extracted from EB-1 -4. Samples 
were carefully selected by visually inspecting the sediment cores and extracting a 
representative sample from each distinct lithologic unit (identiﬁed by physical and 
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Figure 4.33: Common conventional schemes for the classiﬁcation of inorganic solid 
particle fractions of unconsolidated geologic materials on the basis of particle diameter 
ranges (excerpted from Hillel, 2003). 
Figure 4.34: Schematic of typical particle size distribution curves for various types of 
unconsolidated geologic materials (excerpted from Hillel, 2003). 
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textural characteristics). Samples were sieved separately through a No. 10 (d ≤ 2 
mm) sieve to remove rock fragments. Subsamples (50 g air-dry) were transferred to 
250 mL beakers and soaked overnight in 100 mL of a dispersing solution (5% Sodium 
Hexametaphosphate (Na(PO3)6)). Additionally, 20 g air-dry subsamples were placed 
in a drying oven at 105 ◦C for 24 hours to determine the moisture content (θg) of 
each 50 g sample. The soaked 50 g subsamples were quantitatively transferred into 
separate dispersing cups and mechanically dispersed for 30 seconds. The thoroughly 
dispersed contents were quantitatively transferred to separate sedimentation cylinders 
and deionized water was used to bring the volume of each suspension to exactly the 
1130 mL mark with the hydrometer submerged. A blank was prepared by mixing 
100 mL of Sodium Hexametaphosphate with 880 mL of deionized water. Hydrometer 
readings were started by thoroughly mixing the suspension in each cylinder for 30 
seconds with a plunger. Upon plunger removal, a timer was started and an American 
Society for Testing Materials (ASTM) 152H hydrometer was carefully inserted into the 
suspension. Hydrometer readings were recorded at 40 seconds (repeated in triplicate), 
and at 2 and 7 hours. The plunger and hydrometer were rinsed and dried between 
uses. The temperature (◦C) of the blank and each suspension were recorded at the 
beginning of every set of readings. All cylinders were covered with a watch glass 
between hydrometer readings to minimize evaporation. When all hydrometer readings 
were completed, each sample was dry sieved to further separate the sand fraction into 
coarse, medium, and ﬁne fractions. The contents of each sedimentation cylinder were 
quantitatively transferred to a No. 270 (∼ 50 µm) sieve and thoroughly washed with 
tap water to discard all ﬁnes (silts and clays). The remaining sand particles were 
quantitatively transferred to an evaporating dish and placed in a drying oven at 105 
◦C for 24 hours. Once oven-dried, each sand sample was sieved for at least 5 minutes 
by hand using a stack of graded sieves (1 mm, 0.5 mm, 0.25 mm, 0.1 mm, and pan 
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(0.05 < d ≤ 0.1 mm)) with the coarsest at the top. 
Cumulative particle size distribution curves were generated using standard ASTM 
methods (ASTM-D6913/D6913M-17, 2017; ASTM-D7928-17, 2017). HydrogeoSieveXL 
software, an Excel-based spreadsheet program that calculates hydraulic conductivity 
and other material parameters from particle size distribution curves, was also used 
to generate particle size distribution curves and estimates of hydraulic conductivity 
for comparison purposes (Devlin, 2015). Cumulative distribution curves were created 
using the logarithm to the base 10 (log10) scale for the particle diameter (x-axis), and 
a linear scale for the mass fractions (y-axis). Figures 4.35, 4.36, and 4.37 provide 
examples of the particle size distribution curves of the upper unconﬁned aquifer, 
aquitard, and lower semi-conﬁned aquifer sediments, respectively (see Appendix G 
for particle size distribution curves for sediment samples from diﬀerent depth ranges 
and boreholes). It should be noted that the silty sand aquitard sediments from the 
16–20 foot interval of EB-1 are comparatively more permeable (K = 1.84 × 10−6 
m/s as measured by permeameter tests), and thus have a diﬀerent distribution, than 
aquitard sediments from many of the other boreholes. Similarly, the sediments from 
the 20–24 foot interval of EB-1 are considered representative of the lower semi-conﬁned 
aquifer (sand and gravel low in ﬁnes) even though subsurface investigations and well 
completion reports suggest that the lower semi-conﬁned aquifer is located at depths 
≥ 30 feet. 
Visual analysis of the cumulative particle size distributions reveals that the dis-
tributions of several samples (e.g., EB-1 16–20 feet (Figure 4.36)) add to more than, 
or, in some cases, less than 100 percent. Although this is partially attributable to 
measurement error, it is believed that the abundance of micaceous minerals in the 
sediments analyzed aﬀected the reliability of the particle size analysis methods used. 
During the laboratory particle size analysis it was observed that the micas would get 
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Figure 4.35: Particle size distribution for sediments from the 4–8 foot interval (surﬁcial 
aquifer) of EB-1. 
Figure 4.36: Particle size distribution for sediments from the 16–20 foot interval 
(semipervious layer) of EB-1. 
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Figure 4.37: Particle size distribution for sediments from the 20–24 foot interval (deep 
aquifer) of EB-1. 
trapped on the No. 270 sieve and were thus included in the sand fraction. Furthermore, 
micas are often irregular in shape (platelike) and are considered a “heavy” mineral 
(deﬁned as those having a density exceeding 2900 kg/m3) (Hillel, 2003)). These two 
mineral characteristics undermine the simplifying assumptions of Stokes’ Law which 
the hydrometer method is based on, and likely aﬀected the results of the particle size 
analysis. The particle size distribution curves also expose that a sedimentation time of 
7 hours was insuﬃcient for allowing the entire clay fraction (smallest settled diameter 
for all samples was ∼ 2.5 µm) to settle out at the temperatures observed (17–21.5 ◦C). 
Moreover, despite the preventative measures taken to reduce signiﬁcant temperature 
ﬂuctuations, changes of up to 4 ◦C were observed during the sedimentation process 
which can aﬀect sedimentation rate. 
The hydraulic conductivity and porosity of geologic materials is largely dependent 
on the size of sediment particles and the percentage of various sediment fractions. 
Particle size parameters, such as percent sand, silt, and clay, d10, d50, d60, Cu, n, 
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determined from the particle size distribution curves are summarized in Table 4.6. 
The d10, d50, and d60 correspond to the particle diameter at 10%, 50%, and 60% by 
weight, respectively. The coeﬃcient of uniformity, Cu, is a measure of the particle size 
range and is the ratio of d60 by d10 (Cu = d60/d10). Porosity, n, values were calculated 
using the equation (Milan et al., 1992) 
n = 0.255(1 + 0.83Cu ), (4.6) 
where Cu is the coeﬃcient of uniformity. 
A wide variation in particle size distributions of the alluvial sediments were observed. 
Eﬀective grain sizes (d10) ranged from 0.001 to 0.098 mm, median grain sizes (d50) 
were found to vary between 0.024 and 0.824 mm (silt to sand size particles), and d60 
values ranged between 0.033 to 0.999 mm. Similarly, coeﬃcient of uniformity (Cu) 
values were found to vary between 4.1 and 99.22 for an average Cu of 22.8. All of 
the sediment samples (with the exception of EB-2 ∼ 32) are poorly sorted (Cu > 4). 
Lastly, calculated values of porosity (n) ranged from 0.26 to 0.37 for an average n of 
0.27. 
The spatial variability of hydraulic conductivity in the alluvial aquifer system was 
determined using empirical methods based on sediment particle size parameters. A 
large number of empirical formulas relating the hydraulic conductivity of a material 
to standard particle size parameters have been developed, two of the most commonly 
used being the Hazen and Kozeny-Carman equations (Bradbury and Muldoon, 1990; 
Rosas et al., 2014; Sahu and Saha, 2016). The Hazen (1892) method for estimating 
hydraulic conductivity is given by the equation (Hazen, 1892) 
K = CH 
g 
[1 + 10(n − 0.26)]d2 (4.7) 10, v 
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Table 4.6: Summary of results of the particle size analysis for sediments from EB-1 -4. 
The particle size parameters included in the table were determined from individual 
particle size distribution curves. The d10, d50, and d60 values are in mm. 











































































































































































































































































where CH is the Hazen coeﬃcient (6 × 10−4), g is acceleration due to gravity, v is 
kinematic viscosity of water, n is porosity, and d10 is the eﬀective grain size. The 
Hazen equation is suitable for sediments with a coeﬃcient of uniformity less than ﬁve 
(Cu < 5) and eﬀective grain size between 0.1 mm and 3 mm (0.1 mm < d10 < 3 mm). 
The Kozeny-Carman method, initially developed by Kozeny (1927) and later modiﬁed 
by Carman (1956), which is appropriate for sediments with eﬀective grain size of 3 
mm or less (d10 ≤ 3 mm) and for textures excluding clay, is given by the equation 
(Carman, 1956; Kozeny, 1927) 
3 g n
d2 K = CK (4.8) 
v (1 − n)2 10, 
where CK is the Kozeny-Carman coeﬃcient (8.3 × 10−3). A value of 1.0034 × 10−6 
m/s2 was used for the kinematic viscosity of water at a temperature of 20 ◦C. Table 4.7 
is a summary of hydraulic conductivity values for sediments from EB-1 -4 estimated 
using the empirical methods of Hazen and Kozeny-Carman. 
Similar to the wide variation in particle size distributions observed, the hydraulic 
conductivity values of sediments from each borehole, estimated using the empirical 
equations of Hazen and Kozeny-Carman, varied by several orders of magnitude from 
4.07 × 10−9 m/s to 8.94 × 10−5 m/s. For individual sediment samples, both methods 
predicted similar K values with no more than an order of magnitude diﬀerence. 
4.3 Analysis of Pumping Tests 
4.3.1 Estimation of Aquifer Hydraulic Properties 
Pumping test drawdown data measured in the Pump House, VFD, and Queseria 
wells were analyzed to estimate the hydraulic properties of the aquifer. Hydraulic 
properties, including transmissivity and storativity, were estimated by ﬁtting the Theis 
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Table 4.7: Summary of hydraulic conductivity (K) values in m/s for sediments from 
EB-1 -4 estimated using the empirical methods of Hazen and Kozeny-Carman. 
Depth Range (ft) 
EB-1 
Layer Hazen Kozeny-Carman 
0–4 1 5.89 × 10−7 2.72 × 10−7 
4–8 1 3.97 × 10−5 1.99 × 10−5 
8–12 1 9.83 × 10−6 4.42 × 10−6 
12–14 1 6.43 × 10−7 3.20 × 10−7 
14–16 1 5.22 × 10−6 2.41 × 10−6 
16–20 2 2.52 × 10−6 1.31 × 10−6 





















1.95 × 10−6 
1.24 × 10−5 
1.12 × 10−7 
1.94 × 10−5 
1.56 × 10−8 
9.28 × 10−9 
2.10 × 10−8 
1.20 × 10−7 
5.40 × 10−5 
9.38 × 10−7 
5.92 × 10−6 
4.86 × 10−8 
8.99 × 10−6 
6.88 × 10−9 
4.07 × 10−9 
9.16 × 10−9 
5.35 × 10−8 












8.94 × 10−5 
3.44 × 10−8 
1.21 × 10−7 
3.23 × 10−5 
3.96 × 10−6 
5.44 × 10−5 
1.50 × 10−8 
5.36 × 10−8 
1.52 × 10−5 

















1.06 × 10−7 
1.36 × 10−5 
1.62 × 10−5 
2.66 × 10−6 
1.71 × 10−8 
6.75 × 10−5 
3.52 × 10−8 
3.06 × 10−5 
4.62 × 10−8 
6.75 × 10−6 
8.38 × 10−6 
1.16 × 10−6 
7.47 × 10−9 
3.48 × 10−5 
1.53 × 10−8 
1.63 × 10−5 
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(1935), Cooper and Jacob (1946), and Hantush and Jacob (1955) analytical models 
to time-drawdown data (curve matching) in AQTESOLV (commercially available 
and industry standard software developed by HydroSOLVE, Inc. for the analysis of 
pumping tests). Aquifer and aquitard thicknesses were entered based on information 
from well completion reports and ﬁndings from exploratory borehole drilling operations. 
The thickness of the aquifer (b) was 24.38 m (80 ft) and the thickness of the aquitard (b0) 
was 4.27 m (14 ft). Well construction and pumping details, such as well conﬁguration, 
radius, pumping rates, and observation data, were entered using information from well 
completion reports and ﬂow rate and drawdown data measured during the pumping 
tests. The Queseria, Pump House, and VFD wells were entered as fully penetrating 
wells. 
The Theis (1935) solution for transient ﬂow to a well in a homogeneous, isotropic 
and nonleaky conﬁned aquifer of inﬁnite radial extent is given by the equation (Theis, 
1935) 
Z ∞ −y Q e
s = dy, (4.9) 
4πT u y 
where s is drawdown, Q is pumping rate, T is transmissivity, y is a dummy variable 
of integration, and u is the Boltzmann similarity transform, 
r2S 
u = , (4.10) 
4Tt
where r is radial distance from pumping well to observation well, S is storativity, and 
t is elapsed time since start of pumping. Analysis with the Theis (1935) solution in 
AQTESOLV is performed by matching the Theis curve to drawdown data plotted as 
a function of time on log-log axes (Figures 4.38, 4.39, and 4.40). 
The Cooper and Jacob (1946) approximation for the determination of hydraulic 
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Figure 4.38: Estimation of aquifer properties by matching the Theis (1935) curve to 
time-drawdown data collected in Pump House Well during VFD Well pumping test. 
Figure 4.39: Estimation of aquifer properties by matching the Theis (1935) curve to 
time-drawdown data collected in Queseria Well during VFD Well pumping test. 
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Figure 4.40: Estimation of aquifer properties by matching the Theis (1935) curve to 
time-drawdown data collected in VFD Well during Pump House Well pumping test. 
properties of nonleaky conﬁned aquifers, which is derived from the Theis (1935) 
solution for conditions where u ≤ 0.05, is given by the linear equation (Cooper and 
Jacob, 1946) 
   
Q r2S 
s = −0.5772 − ln . (4.11) 
4πT 4Tt 
Analysis with the Cooper and Jacob (1946) approximation in AQTESOLV is performed 
by plotting drawdown as a function of log time on semi-logarithmic axes and drawing 
a straight line, with slope Q/4πT and S estimated from the time intercept, through 
the data (Figures 4.41, 4.42, and 4.43). 
Curve-matching the Theis (1935) and Cooper and Jacob (1946) solutions to 
time-drawdown data recorded in individual observation wells during the pumping 
tests produced comparable estimates of aquifer transmissivity (T ) and storativity (S) 
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Figure 4.41: Estimation of aquifer properties by matching the Cooper and Jacob 
(1946) straight-line solution to time-drawdown data collected in Pump House Well 
during VFD Well pumping test. 
Figure 4.42: Estimation of aquifer properties by matching the Cooper and Jacob 
(1946) straight-line solution to time-drawdown data collected in Queseria Well during 
VFD Well pumping test. 
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Figure 4.43: Estimation of aquifer properties by matching the Cooper and Jacob 
(1946) straight-line solution to time-drawdown data collected in VFD Well during 
Pump House Well pumping test. 
(Figures 4.38–4.43). Values of transmissivity ranged from 2.77 × 10−3 m2/s (Figure 
4.40) to 6.41 × 10−3 m2/s (Figure 4.42). Similarly, values of storativity ranged from 
3.15 × 10−4 (Figure 4.43) to 1.63 × 10−3 (Figure 4.39). These parameter estimates 
were used to calculate aquifer hydraulic conductivity (K) and speciﬁc storage (Ss) by 
dividing by total aquifer thickness. Table 4.8 provides a summary of the hydraulic 
parameter estimates produced by curve-matching the Theis (1935) and Cooper and 
Jacob (1946) solutions to time-drawdown data in AQTESOLV. 
Although the hydraulic parameter estimates produced using the Theis (1935) and 
Cooper and Jacob (1946) solutions are reasonable based on the sediments collected 
during exploratory borehole drilling operations, it is realized that both solutions deviate 
from the drawdown data at late time (around 6–8 hours after pumping started), which 
may aﬀect the reliability of the estimates. The deviation of the Theis (1935) and 
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Table 4.8: Summary of hydraulic parameter estimates produced by curve-matching 
the Theis (1935) and Cooper and Jacob (1946) solutions to time-drawdown data in 
AQTESOLV. 
Figure T (m2/s) K (m/s) S Ss (m
−1) 
4.38 3.93 × 10−3 1.61 × 10−4 1.06 × 10−3 4.40 × 10−5 
4.39 3.81 × 10−3 1.56 × 10−4 1.63 × 10−3 6.70 × 10−5 
4.40 2.77 × 10−3 1.14 × 10−4 4.47 × 10−4 1.80 × 10−5 
4.41 5.55 × 10−3 2.28 × 10−4 7.77 × 10−4 3.20 × 10−5 
4.42 6.41 × 10−3 2.63 × 10−4 1.17 × 10−3 4.80 × 10−5 
4.43 3.77 × 10−3 1.55 × 10−4 3.15 × 10−4 1.30 × 10−5 
Average 4.37 × 10−3 1.80 × 10−4 9.00 × 10−4 3.70 × 10−5 
Cooper and Jacob (1946) solutions from the drawdown data at late time suggests 
vertical leakage (possibly from the top unconﬁned aquifer and aquitard, or through 
bedrock) contributes to the recharge of the pumped aquifer. Therefore, the Hantush 
and Jacob (1955) solution for leaky conﬁned aquifers was used to achieve a better 
model ﬁt to data and to produce improved hydraulic parameter estimates. 
The Hantush and Jacob (1955) solution for ﬂow to a well in a homogeneous, 
isotropic and leaky conﬁned aquifer of inﬁnite radial extent is given by the equations 



















where b0 is aquitard thickness and K 0 is vertical hydraulic conductivity of the aquitard. 
The solution assumes no storage in incompressible leaky aquitard(s). It is realized 
90 
that most aquitards have signiﬁcant storage capacity, but in this case, based on the 
great variability in aquitard thickness and spatial extent observed, it is assumed the 
aquitard is incompressible (more complex models of Malama et al. (2007, 2008) that 
account for aquitard storage exist for ﬂow in leaky aquifer systems, which remove the 
need to make the simplifying assumptions adopted by the classical leakage theory of 
Hantush and Jacob (1955)). Analysis with the Hantush and Jacob (1955) solution in 
AQTESOLV is performed by matching the modiﬁed well function to drawdown data 
plotted as a function of time on log-log and semi-log axes. 
Figure 4.44: Estimation of aquifer properties by matching the Hantush and Jacob 
(1955) curve to time-drawdown data (log-log axes) collected in Pump House Well 
during VFD Well pumping test. 
Figures 4.44–4.49 show results of ﬁtting the Hantush and Jacob (1955) leaky 
conﬁned aquifer model to the time-drawdown data. A signiﬁcant improvement in 
model ﬁt at late-time is observed when compared to the Theis (1935) and Cooper and 
Jacob (1946) curve-matching plots (Figures 4.38–4.43). Values of transmissivity ranged 
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Figure 4.45: Estimation of aquifer properties by matching the Hantush and Jacob 
(1955) curve to time-drawdown data (log-log axes) collected in Queseria Well during 
VFD Well pumping test. 
Figure 4.46: Estimation of aquifer properties by matching the Hantush and Jacob 
(1955) curve to time-drawdown data (log-log axes) collected in VFD Well during Pump 
House Well pumping test. 
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Figure 4.47: Estimation of aquifer properties by matching the Hantush and Jacob 
(1955) curve to time-drawdown data (semi-log axes) collected in Pump House Well 
during VFD Well pumping test. 
Figure 4.48: Estimation of aquifer properties by matching the Hantush and Jacob 
(1955) curve to time-drawdown data (semi-log axes) collected in Queseria Well during 
VFD Well pumping test. 
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Figure 4.49: Estimation of aquifer properties by matching the Hantush and Jacob 
(1955) curve to time-drawdown data (semi-log axes) collected in VFD Well during 
Pump House Well pumping test. 
from 1.77 × 10−3 m2/s (Figure 4.46) to 3.82 × 10−3 m2/s (Figure 4.44). Similarly, 
values of storativity ranged from 3.71 × 10−4 (Figure 4.46) to 1.16 × 10−3 (Figure 4.45). 
Additionally, the hydraulic conductivity of the aquitard (K 0) was calculated using 
equation 4.14. Values of K 0 ranged from 3.57 × 10−8 m/s to 9.47 × 10−8 m/s. Table 4.9 
provides a summary of the hydraulic parameter estimates produced by curve-matching 
the Hantush and Jacob (1955) solution to time-drawdown data in AQTESOLV. 
Table 4.9: Summary of hydraulic parameter estimates produced by curve-matching 
the Hantush and Jacob (1955) solution to time-drawdown data in AQTESOLV. 
Figure T (m2/s) K (m/s) K 0 (m/s) S Ss (m−1) 
4.44 3.82 × 10−3 1.57 × 10−4 3.57 × 10−8 9.91 × 10−4 4.06 × 10−5 
4.45 1.90 × 10−3 7.80 × 10−5 9.47 × 10−8 1.16 × 10−3 4.70 × 10−5 
4.46 1.77 × 10−3 7.30 × 10−5 6.12 × 10−8 3.71 × 10−4 1.50 × 10−5 
Average 2.50 × 10−3 1.03 × 10−4 6.39 × 10−8 8.39 × 10−4 3.42 × 10−5 
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4.3.2 Calculation of Streamﬂow Depletion 
The Hantush (1965) equation of groundwater ﬂow to a gravity well penetrating 
a water-table aquifer near a stream with a semipervious bed was applied to the 
semi-conﬁned case (value of aquifer storativity substituted for speciﬁc yield) and used 
to quantify the eﬀects of groundwater pumping on lower Scotts Creek stream ﬂows. 
Aquifer and aquitard hydraulic properties determined by ﬁeld and laboratory methods 
were used to solve the equation. The rate of stream depletion is given by the equation 
(Hantush, 1965) 
Qr = Q{erfc(U) − exp[−u 2 + (U + w)2]erfc(U + w)}, (4.15) 
where Q is the constant discharge of the well, erfc is the complimentary error function, 
U = xo/(4αt)
1/2 (where xo is the eﬀective distance from the well to the stream bank, 
t is time since pumping began, and α = Kb/Sy (hydraulic diﬀusivity), where K is the 
hydraulic conductivity of the aquifer, b is the weighted mean of the depth of saturation, 
and Sy is the speciﬁc yield of the aquifer), and w = (αt)
1/2/a (a = K/(K 0/b0) (where 
K 0 and b0 are the hydraulic conductivity and thickness of the semipervious layer of 
the stream bed, respectively). The equation assumes that the semipervious layer has 
insigniﬁcant storage. 
Two scenarios were examined, the ﬁrst (scenario 1) using averaged hydraulic 
conductivity and thickness values for the aquitard, the second (scenario 2) using 
hydraulic conductivity and thickness values for the aquitard that are exclusively 
representative of the low-permeability material (silt and clay lenses) having the 
greatest inﬂuence on groundwater ﬂow and neglecting the thin permeable zones within 
the aquitard. The scenario 1 values used to calculate the rate of stream depletion 
were the following: xo = 50 m, K = 1.03 × 10−4 m/s, b = 30 m, Sy = 8.39 × 10−4 , 
95 
K 0 = 4.00 × 10−7 m/s, and b0 = 5 m. The scenario 2 values used were the same as 
for scenario 1, except the hydraulic conductivity and thickness of the aquitard were 
adjusted to 6.00 × 10−8 m/s and 2 m, respectively. The rate of stream depletion was 
calculated at various times since pumping began (2 to 24 hours) and at diﬀerent well 
discharge rates (100 to 300 gpm) for the two scenarios. Figures 4.50 and 4.51 provide 
graphical summaries of the estimated rates of stream depletion for the scenarios 
described (see Appendix H for calculated values in tabular form). Additionally, Table 
4.10 provides a summary of the ratio of the rate of stream depletion to the well 
discharge rate (Qr/Q) at various times since pumping began for the two scenarios. 
Figure 4.50: Scenario 1 estimated rates of stream depletion (Qr) at various times 
since pumping began (t) and at diﬀerent well discharge rates (Q) obtained using the 
Hantush (1965) solution for ﬂow to wells near streams with semipervious beds. 
The calculations suggest that under normal pumping conditions (8 hours of pumping 
at a well discharge rate of 200 gpm) the rate of streamﬂow depletion is 2.46 × 10−3 
m3/s (8.68 × 10−2 cfs) or 19% of the pumping rate for scenario 1 and 9.62 × 10−4 m3/s 
(3.40×10−2 cfs) or 8% of the pumping rate for scenario 2. That is, Scotts Creek stream 
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Figure 4.51: Scenario 2 estimated rates of stream depletion (Qr) at various times 
since pumping began (t) and at diﬀerent well discharge rates (Q) obtained using the 
Hantush (1965) solution for ﬂow to wells near streams with semipervious beds. 
Table 4.10: Estimated rate of stream depletion expressed as a fraction of the well 
discharge rate (Qr/Q) at various times (t) since pumping began for scenarios 1 and 2. 
Time (hrs) Scenario 1 Scenario 2 
2 0.06 0.00 
4 0.13 0.04 
6 0.17 0.06 
8 0.19 0.08 
10 0.22 0.09 
12 0.24 0.10 
14 0.26 0.11 
16 0.27 0.12 
18 0.29 0.13 
20 0.30 0.13 
22 0.31 0.14 
24 0.32 0.15 
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ﬂows during the summer low-ﬂow period would increase by 8.68 × 10−2 cfs (scenario 
1) or 3.40 × 10−2 cfs (scenario 2) if there were no groundwater pumping. Based on the 
attenuated and delayed response to pumping observed in the upper unconﬁned aquifer 
(piezometers) and in Scotts Creek (instream piezometers) during the 24-hour pumping 
tests, it may be concluded that the scenario 1 calculated rate of stream depletion is 
an overestimate. There are several reasons for this including the fact that the solution 
does not account for storage in either the aquitard or the upper unconﬁned aquifer, 
and that by using average values of K 0 , b0, and α, the complexity and variability of the 
subsurface are oversimpliﬁed. The low-permeability silt and clay materials (K ≤ 10−8 
m/s) have a strong inﬂuence on groundwater movement. Regardless, the calculations 
provide estimates of the upper and lower bounds of the rate of stream depletion at 
various times since pumping began and at diﬀerent well discharge rates. To accompany 
the stream depletion rate estimates, a simple calculation of the maximum volume of 
groundwater that can be abstracted before signiﬁcant leakage occurs is performed. 
Detailed analysis of drawdown data from pumping tests suggest that leakage 
(possibly from the top unconﬁned aquifer and aquitard, or through bedrock), apparent 
in time-drawdown data recorded in observation wells several hundred meters from the 
pumping well, starts to occur after ∼ 6 hours of continuous groundwater withdrawal 
when the average well ﬂow rate is 260 gpm. Therefore, an estimate of the maximum 
volume of groundwater that can be abstracted before signiﬁcant leakage occurs is 
94,000 gallons (0.3 AF) per day. The calculated rate of stream depletion for the 
aforementioned pumping duration and well ﬂow rate (scenario 2) is approximately 
9.56 × 10−4 m3/s or 3.37 × 10−2 cfs. At present, pumping schedules during the 
driest summer months often exceed 94,000 gallons a day. Average ﬂow rates are 
approximately 200 gpm and pumping duration is around 4–10 hours for a total volume 
of 48,000–120,000 gallons of groundwater abstracted daily, respectively. Thus, it is 
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recommended that the calculated rates of streamﬂow depletion be used in conjunction 
with the estimated volume to adjust pumping schedules to avoid causing adverse 
impacts to the lower Scotts Creek aquatic ecosystem. 
4.4 Groundwater Flow Modeling 
A three-dimensional (3D) ﬁnite-diﬀerence numerical groundwater ﬂow model 
(MODFLOW 2000) was used to investigate the stream-aquifer relationship on lower 
Scotts Creek. The governing partial-diﬀerential equation of groundwater ﬂow used in 
MODFLOW is (McDonald and Harbaugh, 1988) 
      
∂ ∂h ∂ ∂h ∂ ∂h ∂h 
Kxx + Kyy + Kzz + W = Ss (4.16) 
∂x ∂x ∂y ∂y ∂z ∂z ∂t 
where Kxx, Kyy, and Kzz are values of hydraulic conductivity along the x, y, and 
z coordinate axes, which are assumed to be parallel to the major axes of hydraulic 
conductivity, h is the potentiometric head, W is a volumetric ﬂux per unit volume rep-
resenting sources and/or sinks of water, with W < 0.0 for ﬂow out of the groundwater 
system, and W > 0.0 for ﬂow in, Ss is the speciﬁc storage of the porous material, and 
t is time. 
Boundary and initial conditions of the MODFLOW model used in the present study 
are shown in Figure 4.52. Boundary conditions not shown in Figure 4.52 include the 
lower boundary (bottom boundary), which was speciﬁed as a no-ﬂow boundary, and 
the upper boundary (top boundary), which was speciﬁed as a free-surface boundary 
(water table). Appropriate boundary conditions were speciﬁed based on the current 
conceptualization of the groundwater ﬂow system on lower Scotts Creek. Figure 4.53 
is a schematic of the conceptual model of lower Scotts Creek used in the present study. 
The schematic shows a three layer system including an upper unconﬁned aquifer, an 
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aquitard, and a lower semi-conﬁned aquifer. The stream is hydraulically connected to 
the upper unconﬁned aquifer, but is separated from the lower semi-conﬁned aquifer 
the irrigation wells are completed in by the aquitard. Initial conditions, representative 
of steady state conditions at time zero, were speciﬁed using measured ﬁeld data and 
by running a transient simulation with no groundwater pumping. 
The general-head boundary is a head-dependent ﬂux boundary and is simulated 
according to the equation (McDonald and Harbaugh, 1988) 
Qbi,j,k = Cbi,j,k (hbi,j,k − hi,j,k) , (4.17) 
where Qbi,j,k is the ﬂow into the cell i, j, k from the source, Cbi,j,k is the hydraulic 
conductance between the external source and the cell i, j, k (LW K/D), where L 
multiplied by W is the surface area of the grid cell face exchanging ﬂow with the 
external source/sink, K is the average hydraulic conductivity of the aquifer material 
separating the external source/sink from the model grid, and D is the distance from 
the external source/sink to the model grid (Figure 4.54), hbi,j,k is the head assigned to 
the external source, and hi,j,k is the head in cell i, j, k. 
The river boundary is also a head-dependent ﬂux boundary and is simulated 
according to the equation set (McDonald and Harbaugh, 1988) 
QR = CR(HR − hi,j,k), when hi,j,k > RB , and, 
(4.18) 
QR = CR(HR − RB ), when hi,j,k ≤ RB, 
where QR is the ﬂow between the stream and the aquifer, CR is the hydraulic con-
ductance of the stream-aquifer interconnection (KLW/M), where K is the hydraulic 
conductivity of the streambed material, L is the length of the stream as it crosses the 
node, W is the stream width, and M is the thickness of the streambed layer (Figure 
4.55), HR is the head in the stream, hi,j,k is the head at the node in the cell underlying 
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the stream reach, and RB is the elevation at the bottom of the streambed layer. The 
following sections describe the speciﬁcs of the MODFLOW model’s construction and 
calibration. 
4.4.1 Model Construction 
The Groundwater Modeling System (GMS) 10.2.4, a commercially available com-
prehensive graphical user environment for performing groundwater simulations, was 
used to create a conceptual model of lower Scotts Creek using GIS, ﬁeld, and laboratory 
data. 
Environmental Systems Research Institute (ESRI) ArcMap 10.4 was used to create 
GIS data including the model boundary and locations of wells, piezometers, and 
exploratory boreholes. All GIS data were assigned the NAD 1983 California State 
Plane Zone III FIPS 0403 (meters) projected coordinate system. GIS data were 
imported into GMS and converted to feature objects. In GMS, feature objects were 
used to build coverages (group of feature objects) including a sources and sinks 
coverage and a coverage for each alluvial layer. All coverage data were entered in 
units of meters and days. 
The sources and sinks coverage included the irrigation wells and the boundary 
conditions of the model. The screened interval of each well was speciﬁed using 
information obtained from well completion reports. The Archibald Well screened 
interval was from 4 to -23.5 m, the Pump House Well screened interval was from -11 
to -25.3 m, the VFD Well screened interval was from -9.8 to -28 m, and the Queseria 
Well screened interval was from 0.5 to -27.5 m. The grid around all four wells was 
reﬁned and set to a base size of 15 m, a bias of 1.1, and a maximum size of 120 m. 
Three alluvial layer coverages were created, each representing one hydrostrati-







Figure 4.52: Plan view of the three-dimensional (3D) ﬁnite-diﬀerence groundwater 
ﬂow model (MODFLOW 2000) grid of lower Scotts Creek showing the boundary and 









































































































































Figure 4.54: Schematic of general-head boundary (excerpted from the online user-
supported help database for XMS software). 
Figure 4.55: Schematic of river boundary streambed conductance components for an 
individual cell (excerpted from McDonald and Harbaugh, 1988). 
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interpolated from a 1.5 meter digital elevation model (DEM) of the Scotts Creek 
watershed. The elevation of the bottom of layer 1, and the top and bottom elevations 
of layers 2 (aquitard) and 3 (lower semi-conﬁned aquifer), were interpolated from 
exploratory borehole data and information from well completion reports that were 
entered into GMS as 2D scatter points. Similarly, hydraulic conductivities of layers 
1 and 2 were interpolated from laboratory permeameter test data. The hydraulic 
conductivity and speciﬁc storage of layer 3 were set at constant values of 9.16 m/d 
and 3.5 × 10−5 m−1, respectively, average values from pumping test curve-matching 
analyses. The speciﬁc storage of layer 2 was set at a constant value of 3.5 × 10−4 m−1 
(one order of magnitude greater than layer 3) and the speciﬁc yield of layer 1 was 
set at a constant value of 0.3. All three layers were isotropic. Starting heads were 
interpolated from measured water table elevation data recorded in August 2017 (see 
Appendix I for 2D scatter data). The interpolation scheme used throughout was the 
inverse distance weighted (IDW) method using the constant nodal function (Shepard’s 
method) method which is given by the equation 
nX 
F (x, y) = wifi, (4.19) 
i=1 
where n is the number of points used to interpolate, fi are the dataset values at the 
points, and wi are the weight functions assigned at each point calculated according to 
equation 
−p r
wi = n , (4.20) P 
h−p j 
j=1 
where p is an arbitrary positive real number called the weighting exponent (default 
value of 2). The interpolated surface is a weighted average of the point data inﬂuenced 
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most by measured values closest to the prediction location and less by more distant 
points. The constant nodal function form of the IDW method was used because of its 
simplicity, while still retaining all the functionality needed for the application. 
The model boundary was split into four distinct arcs and each was assigned a 
boundary condition. The northernmost arc (Archibald Creek) was deﬁned as a general 
head boundary, the easternmost arc (Swanton Road) was deﬁned as a no-ﬂow boundary, 
the southernmost arc (Queseria Creek) was deﬁned as a general head boundary, and 
the westernmost arc (Scotts Creek) was modeled as a river boundary. All of the 
boundaries (except the no-ﬂow boundary) were assigned a conductance of 0.34 m2/d. 
Additionally, head-stage was deﬁned at the upstream and downstream nodes of each 
general head boundary arc, and head-stage and bottom elevation were deﬁned at six 
locations (upstream, downstream, and the four instream piezometer locations) along 
the river boundary using observed instream piezometer data. Table 4.11 provides 
a summary of the head-stage and bottom elevation of individual nodes along each 
boundary arc. 
Table 4.11: Head-stage and bottom elevation in meters of nodes along the boundaries 
of the MODFLOW model. Dash (–) indicates data are not applicable. 
Node ID Head-Stage (m) Bottom Elevation (m) 
Archibald Upstream 12.0 – 
Archibald Downstream 6.8 – 
Queseria Upstream 4.0 – 
Queseria Downstream 2.3 – 
Scotts Upstream 6.8 6.2 
Scotts PH-up 5.4 4.8 
Scotts PH-down 4.9 4.3 
Scotts VFD-up 4.4 3.8 
Scotts VFD-down 4.1 3.5 
Scotts Downstream 2.3 1.7 
After the conceptual model was constructed, a rectangular 3D grid comprising 
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62 columns, 22 rows, and 3 layers oriented in a north-south direction was created. 
The grid generated included 4,092 cells. The active zones of the model were deﬁned 
by activating cells in the coverages. The active grid included 2,398 cells. The 3D 
grid model was converted to a MODFLOW 2000 numerical model. The MODFLOW 
global options were inspected to ensure that the conceptual model data were assigned 
to the appropriate cells. Starting heads representative of steady state conditions were 
generated by running a transient simulation with 75 stress periods (75 days) and no 
groundwater pumping. The model generated heads for the 75th time step were set as 
the starting heads for all subsequent transient simulations. 
4.4.2 Model Calibration 
Model calibration was carried out manually by trial and error adjustment of 
parameters. First, 24-hour pumping test ﬂow rate data were imported for an individual 
well (Pump House and VFD wells) and a transient simulation with 10 stress periods 
(1 day) was performed. Upon successful completion of a MODFLOW simulation, 
model generated drawdown values for layer 3 at observation wells (Figure 4.56) at 
each of the 10 stress periods were compared to measured values recorded during ﬁeld 
pumping tests. Model parameters (i.e., boundary conductance, hydraulic conductivity, 
and speciﬁc storage) were then adjusted accordingly in sequential model runs until 
simulated and measured drawdown curves converged. Figure 4.57 shows drawdown 
data measured in the Pump House Well (observation well) during the VFD Well 
pumping test plotted against uncalibrated and calibrated model generated drawdown 
values for the diﬀerent time steps. Similarly, Figure 4.58 shows drawdown data 
measured in the VFD Well (observation well) during the Pump House Well pumping 
test plotted against uncalibrated and calibrated model generated drawdown values for 
the diﬀerent time steps. These two ﬁgures show the range in success of calibration, 
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Figure 4.57 showing an outstanding model ﬁt and, conversely, Figure 4.58 showing a 
marginal improvement in model ﬁt to ﬁeld conditions with calibration (see Appendix 
I for drawdown curve comparison ﬁgures). There are several reasons for the poor 
performance of the model at predicting drawdown in the VFD Well, the primary reason 
being that the model was calibrated manually as opposed to using the automated 
calibration utility, Parameter ESTimation (PEST) (not included with GMS license). 
It is extremely diﬃcult to achieve perfect model calibration manually due to the 
multitude of possibilities the modeler must consider. Adjusting a parameter may 
improve model ﬁt for a single well and simultaneously worsen calibration elsewhere. 
Other possible reasons for the poor performance of the model at predicting drawdown 
in the VFD Well is that layer 3 (pumped aquifer) was modeled as a homogeneous unit 
assigned a single hydraulic conductivity value (heterogeneity of aquifer not accounted 
for), and that GMS MODFLOW does not account for the eﬀects of wellbore storage 
on the response to groundwater pumping observed in an individual cell containing 
an observation well. Nevertheless, the calibrated model produced drawdown curves 
within an acceptable range for three out of the four observation wells which indicates 
that the model is reliable and can be used for preliminary evaluations of stream-aquifer 
connectivity. Furthermore, the model can inform future research by providing a 
starting point for numerical simulations that more accurately portray the natural 
complexity of the lower Scotts Creek aquifer system. 
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Figure 4.56: Plan view of the calibrated MODFLOW model showing layer 3 drawdown 
contours (m) for the last time step (time step 10) when the VFD Well is pumped. 
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Figure 4.57: Drawdown data measured in the Pump House Well (observation well) 
during the VFD Well pumping test plotted against uncalibrated and calibrated model 
generated drawdown values. 
Figure 4.58: Drawdown data measured in the VFD Well (observation well) during the 
Pump House Well pumping test plotted against uncalibrated and calibrated model 
generated drawdown values. 
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CHAPTER 5: RESULTS AND DISCUSSION 
Integrating the various types of ﬁeld and laboratory data obtained in this study 
provides improved understanding of the geologic heterogeneity, groundwater ﬂow 
dynamics, and stream-aquifer exchange processes on lower Scotts Creek. Additionally, 
the use of multiple techniques allows for an assessment of method applicability and 
for constraining estimates of water ﬂuxes between the stream and the aquifer. The 
purpose of this chapter is to summarize the ﬁndings of ﬁeld and laboratory experiments 
discussed previously, and to conduct an in-depth analysis of data that can be used 
to develop sustainable groundwater management practices. First, a summary of 
aquifer characteristics is given. Results of numerical simulation of groundwater ﬂow 
to irrigation wells are then presented and comparisons made between analytical and 
numerical stream depletion estimates. Lastly, long-term water-level data are examined 
to assess groundwater level dynamics not captured by other methods. 
5.1 Aquifer Characterization 
5.1.1 Geometry and Lithology 
The lower Scotts Creek subsurface is a heterogeneous and stratigraphically complex 
deposit of unconsolidated alluvial material. It can be stratigraphically partitioned 
into three major layers—thin upper unconﬁned aquifer, middle semi-conﬁning unit or 
aquitard, and lower semi-conﬁned aquifer. However, all three layers are highly variable 
in thickness and extent. 
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Well completion reports indicate the entire alluvial deposit ranges from 105 to 
108 feet in thickness. The basement of the aquifer is interpreted to be Santa Cruz 
Mudstone bedrock (Taskey, 2017). The depth to bedrock is largely uniform across the 
study area. It is unknown if the bedrock is fractured, in which case it could be an 
important source of aquifer recharge. 
On the basis of exploratory boreholes and geophysical surveys conducted during 
this study, the upper unconﬁned aquifer is very thin, and ranges from 14 to 24 feet in 
thickness. It is predominately composed of brown to reddish-brown silty sand and 
gravel with interbedded, generally discontinuous, silt and clay lenses. 
The middle semi-conﬁning layer ranges from 4 to 24 feet in thickness and is 
generally a heterogeneous unit composed of dark gray to black ﬁne-grained silt and 
clay layered with thin permeable zones of sand. The ﬁne silt and clay sediments form 
laterally extensive low-permeability zones near the stream channel, especially near the 
VFD Well. East of the stream channel, and also north of the Pump House Well, the 
ﬁne sediments appear to be discontinuous. 
The lower semi-conﬁned aquifer ranges from 58 to 92 feet in thickness and is 
composed of gray sand and gravel low in silt and clay. This layer is substantially more 
homogeneous than the upper aquifer and aquitard, but exploratory borehole drilling 
operations were unsuccessful at retrieving truly representative samples of the lower 
aquifer material (drilling depth limited to 40 feet) so extrapolations of available data 
were made. On the basis of well completion reports (reports No. 67476 and 67477), 
the lower semi-conﬁned aquifer is composed of material ranging from sand to 1.25-inch 
gravel. 
112 
5.1.2 Hydraulic Properties 
The hydraulic properties of the lower Scotts Creek aquifer were determined using 
both ﬁeld and laboratory methods including constant rate pumping tests with multiple 
observation wells, laboratory falling-head permeameter tests, and estimates based on 
sediment particle size distributions. 
Transmissivity (T ) and storativity (S) are commonly used to characterize the 
hydraulic properties of an aquifer. These parameters were estimated by curve-matching 
the Hantush and Jacob (1955) solution to time-drawdown data recorded in observation 
wells during the two 24-hour pumping tests. Transmissivity and storativity values for 
the lower semi-conﬁned aquifer (layer 3) ranged from 1.77 × 10−3 m2/s to 3.82 × 10−3 
m2/s and 3.71 ×10−4 to 1.16 ×10−3, respectively, for an average transmissivity value of 
2.50 × 10−3 m2/s and an average storativity value of 8.39 × 10−4 . In conﬁned aquifers 
values of storativity typically range between 5 × 10−3 to 5 × 10−5, and in an unconﬁned 
aquifer, speciﬁc yields commonly range between 0.01–0.30 (Barlow and Leake, 2012; 
Heath, 1983). All of the observation wells yielded storage terms within the range for a 
conﬁned aquifer. Values of hydraulic conductivity (K) and speciﬁc storage (Ss) for the 
lower semi-conﬁned aquifer (layer 3) were determined by dividing the transmissivity 
and storativity values by total aquifer thickness (b = 24.38 m (80 ft)). The average K 
and Ss values are 1.03 × 10−4 m/s and 3.42 × 10−5 m−1, respectively. Additionally, 
the average hydraulic conductivity value for the aquitard (K 0) is 6.39 × 10−8 m/s. 
The hydraulic conductivity values obtained for each alluvial layer (i.e., upper 
unconﬁned aquifer, aquitard, and lower semi-conﬁned aquifer) are summarized by 
method in Table 5.1. The K values estimated by laboratory methods presented in 
Table 5.1 are harmonic averages of data (by alluvial layer) from several boreholes. 
The variability observed in the hydraulic conductivity values obtained by laboratory 
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methods for the alluvial sediments is consistent with the variability observed in 
the exploratory borehole logs and particle size analysis results. The sampled upper 
unconﬁned aquifer and lower semi-conﬁned aquifer material generally contained a 
greater percentage of large particles than the sampled aquitard material. Furthermore, 
these results indicate that the aquitard material is signiﬁcantly less conductive (≥ 100 
times as estimated by laboratory tests and ≥ 1000 times as estimated by pumping 
tests) than the upper and lower aquifer material. 
Table 5.1: Comparison of hydraulic conductivity (K) values in m/s for each alluvial 
layer estimated using sediment particle size distributions, falling-head permeameter 
tests, and constant rate pumping tests. Dash (–) indicates data are not available. 
Alluvial Layer Hazen Kozeny-Carman Permeameter Pumping 
Upper Aquifer 2.32 × 10−5 1.40 × 10−5 3.98 × 10−6 – 
Aquitard 6.54 × 10−7 3.38 × 10−7 9.37 × 10−7 6.39 × 10−8 
Lower Aquifer 1.68 × 10−5 1.31 × 10−5 2.33 × 10−5 1.03 × 10−4 
The empirical equations of Hazen and Kozeny-Carman yielded similar hydraulic 
conductivity values as those obtained using the falling-head permeameter method, 
with the exception of the upper aquifer K values which have a range of about one order 
of magnitude. Overall, the Hazen method produced better estimates of hydraulic 
conductivity (values closest to those estimated by permeameter tests), but if the 
application limits of the equations in calculating hydraulic conductivity are considered, 
only the empirical equation of Kozeny-Carman is applicable to the sediments analyzed. 
All of the sediment samples, with the exception of EB-2 ∼ 32 ft, are poorly sorted 
with Cu > 5. Nevertheless, both empirical equations produced reasonable estimates 
of K that provide data for depth ranges (smaller intervals) and for low-permeability 
sediments not measured by the falling-head permeameter method. Furthermore, 
diﬀerences between values obtained by the two laboratory methods can be attributed 
to several factors such as the exclusion of particles > 2 mm from the particle size 
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analysis and observed sediment grain-size limitations of the falling-head permeameter 
method. One of the initial steps of the particle size analysis performed was to sieve the 
sediment samples to remove particles > 2 mm, however these particles were included 
in samples packed into the ﬂow cells. Alternatively, when sediments containing high 
percentages of ﬁne-grained silt and clay particles were packed into the ﬂow cells 
preferential ﬂows paths would develop and the sample would have to be repacked 
before accurate measurements could be made. Even when repacked, measurements 
made using a permeameter, particularly poorly sorted samples that contain high mud 
percentages, have some error based on limitations of the method and the skill of the 
operator (Bradbury and Muldoon, 1990; Rosas et al., 2014). 
Comparison of the laboratory estimated hydraulic conductivity values to the 
average value obtained by ﬁeld pumping tests reveals that the laboratory methods 
signiﬁcantly underestimate the conductivity of the aquifer. The diﬀerences in scale 
between ﬁeld and laboratory methods, pumping tests are large scale tests (hundreds 
to thousands of cubic meters) where as permeameter tests and particle-size estimates 
are small scale (< 1 m3), is likely accountable for a large part of the discrepancy. The 
larger scale ﬁeld tests include geologic features such as joints, fractures, interbeds, 
and macropores, features that small laboratory samples cannot contain. Furthermore, 
sample bias and sample disturbance can occur during sediment sample collection. 
Lastly, directionality is a critical consideration in anisotropic materials. That is, 
sediment core sampling is usually vertical, but groundwater ﬂow to pumping wells is 
mostly horizontal (Bradbury and Muldoon, 1990; Sahu and Saha, 2016). 
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5.2 Quantiﬁcation of Stream-Aquifer Connectivity 
5.2.1 Groundwater Flow Modeling 
A 3D ﬁnite-diﬀerence (MODFLOW 2000) groundwater ﬂow model of lower Scotts 
Creek was constructed in GMS and transient simulations were performed. Manual 
model calibration was carried out based on the available data. Numerical simulation of 
groundwater ﬂow indicated that: 1) values of hydraulic conductivity for the aquitard 
determined by permeameter tests are higher than the “true” values, 2) the lower 
semi-conﬁned aquifer (pumped aquifer) is heterogeneous, 3) a signiﬁcant amount 
of inﬁltration and aquifer recharge occurs across the Archibald Creek general head 
boundary arc, and 4) pumping-induced river leakage (ﬂow into the aquifer) is greater 
when simulating groundwater withdrawal from the Pump House Well than the VFD 
Well. 
The ﬁnal values for calibration parameters were the following: hydraulic conductiv-
ity values of layer 2 were scaled using a multiplier value of 0.2, hydraulic conductivity 
of layer 3 was 8.5 m/d, speciﬁc storage of layer 2 was 4 × 10−4 m−1, and the speciﬁc 
storage of layer 3 was 4 × 10−5 m−1 . The hydraulic conductivity values and speciﬁc 
yield of layer 1 were not adjusted (no change). The conductances for the general 
head and river boundary conditions were the following: Archibald Creek general head 
boundary arc was 5.0 m2/d, Queseria Creek general head boundary arc was 1.0 m2/d, 
Scotts Creek river boundary arc from the Scotts Downstream node to the Scotts 
VFD-down node was 1.0 m2/d, arc from the Scotts VFD-down node to the Scotts 
VFD-up node was 0.01 m2/d, arc from the Scotts VFD-up node to the Scotts PH-down 
node was 0.01 m2/d, arc from the Scotts PH-down node to the Scotts PH-up node 
was 7.0 m2/d, and arc from the Scotts PH-up node to the Scotts Upstream node of 
river boundary arc was 7.0 m2/d. As evidenced by the ﬁnal values, the properties 
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of model layers 2 (aquitard) and 3 (lower semi-conﬁned aquifer) are the dominant 
variables. The ﬁnal hydraulic conductivity values for the aquitard are signiﬁcantly 
lower than those initially assigned to the layer indicating that the K-values determined 
by permeameter tests are higher than the “true” values. This ﬁnding is supported 
by PSA and pumping tests results which showed that aquitard sediments have low 
K-values (10−7–10−9 m/s). 
Flow budget data for all grid cells for the ﬁnal time step (time step 10) were 
analyzed following each simulation and are summarized in Table 5.2. From the data 
it is evident that for both simulations the majority of ﬂow into the model (aquifer 
recharge) occurs across the head dependent boundaries, the Archibald Creek general 
head boundary speciﬁcally. Similarly, river leakage accounts for a signiﬁcant amount 
of aquifer recharge, but also for ﬂow out of the model. 
Table 5.2: Flow budget data in m3/d for all grid cells for time step 10 summarized by 
simulation. 
Sources/Sinks Flow In Flow Out 
Storage 389.1 −54.9 
Pump House Well 0.0 −1, 387.3 
River Leakage 541.3 −321.5 
Head Dep Bounds 960.3 −127.0 
Storage 628.4 −94.1 
VFD Well 0.0 −1, 383.1 
River Leakage 357.5 −423.4 
Head Dep Bounds 992.5 −77.9 
Flow budget plots of river leakage over time for the entire model domain were 
examined to evaluate simulated impact of groundwater abstraction on the river 
boundary. Figures 5.1 and 5.2 are the ﬂow budget versus time plots of river leakage 
for simulation of groundwater withdrawal from the Pump House Well and VFD Well, 
respectively. The “leakage in” curve is pumping-induced ﬂow from the river that is 
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recharging the aquifer where as the “leakage out” curve is groundwater that is leaving 
the aquifer through the river boundary. Figure 5.1 indicates that pumping-induced 
late-time river leakage into the aquifer (541.3 m3/d) greatly exceeds leakage out of 
the aquifer (-321.5 m3/d) when groundwater withdrawal from the Pump House Well 
is simulated. Initially, there is net groundwater ﬂow from the aquifer to the river. 
However, as pumping continues, net ﬂow to the river decreases and leakage into the 
aquifer (streamﬂow depletion) increases. In comparison, Figure 5.2 shows that river 
leakage out of the aquifer (-423.4 m3/d) exceeds leakage into the aquifer (357.5 m3/d) 
when groundwater withdrawal from the VFD Well is simulated. These ﬁndings are 
supported by drawdown data recorded during the ﬁeld pumping tests which showed 
that groundwater withdrawal from the Pump House Well has a greater eﬀect on 
water levels in the upper unconﬁned aquifer and stream than does pumping the VFD 
Well. Additionally, simulation of groundwater withdrawal from the Pump House Well 
produced a net river leakage (streamﬂow depletion) of 219.8 m3/d (diﬀerence between 
leakage in and out), which is approximately 16% of the pumping rate (-1,387.3 m3/d). 
This model estimated rate of stream depletion, expressed as a fraction of the well 
pumping rate, is very similar to the scenario 2 calculated estimate of 15% obtained 
using the Hantush (1965) model. 
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Figure 5.1: Plot showing ﬂow (m3/d) vs. time (d) of river leakage for simulation of 
groundwater withdrawal from the Pump House Well. 
Figure 5.2: Plot showing ﬂow (m3/d) vs. time (d) of river leakage for simulation of 
groundwater withdrawal from the VFD Well. 
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5.2.2 Long-term Groundwater Monitoring 
Groundwater systems are dynamic and change continuously in response to short-
and long-term ﬂuctuations in precipitation, phreatophytic consumption, irrigation 
return ﬂow, and groundwater pumping. Various other natural factors that aﬀect 
groundwater levels, but usually to a lesser degree, include barometric pressure eﬀects, 
Earth tides, and seismic events. Water levels in many aquifers follow a natural 
cyclic pattern of seasonal ﬂuctuation, increasing during the winter and spring when 
precipitation and recharge are greatest, then steadily decreasing during the summer 
and fall as recharge dwindles and evapotranspiration peaks. Superimposed on cyclic 
seasonal water-level ﬂuctuations are the eﬀects of human activities (Taylor and Alley, 
2001). 
Water levels in piezometers and irrigation wells on lower Scotts Creek were moni-
tored at 5–15 minute intervals over an 18 month period from June 2016 to November 
2017. The long-term data recorded exhibit several phenomena, including the eﬀects 
of groundwater pumping and phreatophytic consumption responsible for seasonal 
water-level decline, and inﬁltration of precipitation and subsurface recharge responsible 
for the seasonal recovery of the water table. These trends are illustrated in Figures 
5.3 and 5.4, which show long-term water-level ﬂuctuations in a piezometer (PHP-1) 
and an irrigation well (Pump House Well), respectively. The data show small scale 
water-level ﬂuctuations recorded during the summer of 2016 followed by a sudden 
increase (∼ 1.5 m) in groundwater levels winter 2016–2017, which is then followed 
by receding levels again in summer 2017. The signiﬁcant changes in head observed 
in Figure 5.4 are pumping events. From the last rainfall event in April 2017 to the 
end of the dry season in November 2017, a drop in head of approximately 0.6 m was 
measured in piezometers and irrigation wells on lower Scotts Creek. 
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Figure 5.3: Head (cm) in PHP-1 July 2016 to November 2017. 
Figure 5.4: Head (m) in the Pump House Well August 2016 to November 2017. 
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Placing the data on one graph with a common scale allows for comparisons to be 
made between the timing and magnitude of observed ﬂuctuations (see Figure 5.5). The 
data were recorded at the same frequency and are anchored using an October 1, 2016 
reference water-level. The piezometer and well are approximately 18 meters apart; 
however, PHP-1 is completed in the upper unconﬁned aquifer, while the Pump House 
Well is completed in the lower semi-conﬁned aquifer. As seen in Figure 5.5, the timing 
of response to individual precipitation events vary, the well showing a 10–16 hour 
delayed response. Additionally, the amplitude of ﬂuctuations diﬀer by 0.5–1 m. Water 
levels ﬂuctuate signiﬁcantly in PHP-1 in response to individual precipitation events. 
Conversely, the Pump House Well exhibits a more attenuated and delayed response 
which is attributed to the presence of the silt and clay aquitard of low hydraulic 
conductivity. 
Figure 5.5: Comparison of timing and magnitude of water level ﬂuctuations (m) in a 
piezometer (PHP-1) and an irrigation well (Pump House Well) over a 7 month period 
from October 2016 to May 2017. 
A focus on PHP-1 summer 2016 and 2017 data permits identiﬁcation of the 
dominant hydrologic stresses acting on lower Scotts Creek groundwater levels and 
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the magnitude of their inﬂuence. Figure 5.6 shows water-level ﬂuctuations in the 
Pump House Well and PHP-1 August–October 2016. Similarly, Figure 5.7 shows 
water-level ﬂuctuations in PHP-1 June–November 2017. The 2016 and 2017 data 
exhibit an overall downward trend, but superimposed on the natural climatic driven 
ﬂuctuations are the eﬀects of groundwater pumping for irrigation and consumption 
by phreatophytes. Both groundwater hydrographs indicate that daily groundwater 
uptake by phreatophytes alone results in approximately 1 cm of water-level decline. 
When combined with periods of heavy groundwater pumping from the lower semi-
conﬁned aquifer, water-level ﬂuctuations of up to 5 cm are observed. However, water 
levels rebound to near pre-pumping static levels when abstraction ceases indicating a 
stable groundwater supply (no signiﬁcant/discernible chronic drops in groundwater 
levels). Additionally, given that the pumping well creates a cone of depression, the 
eﬀects of pumping are greatest near the well (i.e., PHP-1) and propagate outward, 
and consequently drawdown is variable across the ﬂoodplain. These observations of 
long-term water-level trends correlate well with ﬁndings from pumping tests when 
ﬂow rate data are included in the analysis. That is, for every 1 AF of groundwater 
abstracted, a maximum of ∼ 5 cm of drawdown in the upper unconﬁned aquifer can 
be expected. 
All of the groundwater level data analyzed up until this point were recorded in 
2016 and 2017 and focused on daily, weekly, and monthly trends. Water levels in one 
well (Queseria Well) were measured at 10–15 minute intervals over a 28 month period 
from August 2015 to December 2017 (Figure 5.8). The data are particularly valuable 
for assessing the magnitude of ﬂuctuations in water levels from year to year. Although 
data are missing for late 2016 and early 2017, it is clear the data follow a natural 
cyclic pattern of seasonal ﬂuctuation rising by several meters during winter months, 
then declining during the summer and stabilizing at about the same level each fall 
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Figure 5.6: Head (m) in Pump House Well and head (cm) in PHP-1 August–October 
2016. The data show pumping events in the Pump House Well and the drawdown 
response in PHP-1 superimposed on the diurnal ﬂuctuations in groundwater levels in 
PHP-1 indicative of evapotranspiration by phreatophytes. 
(within a 0.25 m diﬀerence). The data indicate that groundwater levels were lowest 
late in the summer of 2015 and highest winter 2015–2016. 
As shown, long-term measurement of groundwater levels provide data for observing 
diﬀerences in the magnitude and timing of response within layered aquifer systems, 
for identifying hydrologic stresses, and for tracking ﬂuctuations in water levels from 
season to season and from year to year in response to varying climatic conditions 
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Figure 5.7: Head (cm) in PHP-1 June–November 2017. The data show ﬂuctuations 
in groundwater levels as a result of phreatophytic consumption and groundwater 
abstraction. 
Figure 5.8: Head (m) in the Queseria Well August 2015 to December 2017. 
and groundwater abstraction practices. Signiﬁcant changes in water levels in aquifers 
caused by climatic variability and excessive groundwater pumping commonly occur 
over decades which highlights the value of long-term data for quantifying the eﬀects 
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of human activities on stream-aquifer interactions (Barlow and Leake, 2012; Taylor 
and Alley, 2001). 
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CHAPTER 6: CONCLUSION 
The dynamics of stream-aquifer interactions along lower Scotts Creek have been 
thoroughly studied, thus providing meaningful insight into the eﬀects of groundwater 
abstraction from irrigation wells on Scotts Creek stream ﬂows. This two year study 
integrated data from ﬁeld investigations, laboratory tests of sediment samples, calcu-
lation of stream depletion rate, numerical groundwater ﬂow modeling, and long-term 
groundwater monitoring to characterize the alluvial aquifer, to quantify the hydraulic 
connection between the stream and the aquifer, and to provide sustainable groundwa-
ter pumping recommendations. We tested the hypothesis that the stream is directly 
connected to the aquifer and that abstraction of groundwater from agricultural wells 
has a measurable impact on Scotts Creek stream ﬂows, particularly during the summer 
low-ﬂow period. Based on the data collected and analyzed, we reject the hypothesis 
that Scotts Creek is directly connected to the underlying alluvial aquifer and conclude 
that, although the rate of streamﬂow depletion is quantiﬁable, there is only a weak 
hydraulic connection between the stream and the aquifer. The study results to support 
this conclusion are summarized below. 
Initial subsurface exploration using direct push methods suggested that a thin 
low-permeability aquitard layer of silt and clay separates surﬁcial sediments from 
a deeper more permeable formation. Field tests including constant rate pumping 
tests, dye tracer tests, and geophysical surveys were performed, followed by laboratory 
analyses of sediment cores, calculation of stream depletion rate, numerical groundwater 
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ﬂow modeling, and long-term groundwater monitoring. 
Drawdown data recorded in monitoring wells and piezometers during two separate 
24-hour pumping tests conﬁrmed the presence of an aquitard. An attenuated and 
delayed (peak drawdown occured 27–66 hours after pumping started) response to 
pumping was observed in all piezometers. A maximum drawdown of 5 cm was 
observed in Pump House Piezometer 1 at a distance of 18 m from the Pump House 
Well during the Pump House Well pumping test, and a small decrease in stream stage 
of approximately 1 cm was measured in instream piezometers adjacent to the Pump 
House Well ﬁve days cessation of the Pump House Well pumping test. However, it 
is uncertain whether the small decrease in stream stage was caused by groundwater 
pumping or if it can be attributed to natural factors given that the observed response 
was well within the limits of the water-level accuracy (1–2 cm) of the transducers used. 
Conversely, water levels measured in deep observation wells during the pumping tests 
showed a direct and unambiguous response to pumping with a maximum drawdown 
of 0.9 m measured in the VFD Well at a distance of 260 m from the Pump House 
Well during the Pump House Well pumping test. 
Constant rate and slug dye injections using a dilute solution of a ﬂuorescent dye 
tracer (20% Rhodamine WT) were carried out and showed a weak hydraulic connection 
between the stream and pumped aquifer with insigniﬁcant change in dye concentration 
and calculated stream discharge observed outside the normal variation. 
Electrical resistivity tomography surveys showed complex resistivity distributions 
(20–70 ohm-m) and revealed that the aquitard is continuous, thick, and homogeneous 
near the VFD Well, but that it is signiﬁcantly heterogeneous and discontinuous at 
greater distances from the stream channel. 
Soil cores were collected in the ﬁeld and tested in a laboratory setting to determine 
variations in the particle size distribution and saturated hydraulic conductivity of 
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sediments with depth. Falling-head permeameter tests and particle size analyses 
indicated signiﬁcant variation in both the particle size distribution and saturated 
hydraulic conductivity of sediments from the 0–40 foot depth range. Furthermore, the 
tests revealed that the aquitard material is signiﬁcantly less conductive (≥ 100 times 
as estimated by laboratory tests and ≥ 1000 times as estimated by pumping tests) 
than the upper and lower aquifer material. 
The hydraulic properties of the aquifer were estimated by ﬁtting the Theis (1935), 
Cooper and Jacob (1946), and Hantush and Jacob (1955) analytical models to time-
drawdown data (curve matching) recorded in observation wells during two 24-hour 
pumping tests. It was found that the Theis (1935) and Cooper and Jacob (1946) 
solutions deviate from the drawdown data at late time suggesting vertical leakage 
(possibly from the top unconﬁned aquifer and aquitard, or through bedrock) contributes 
to the recharge of the pumped aquifer. Therefore, the Hantush and Jacob (1955) 
solution for leaky conﬁned aquifers was used to achieve a better model ﬁt and to 
produce improved hydraulic parameter estimates. The hydraulic conductivity (K) and 
speciﬁc storage (Ss) of the aquifer are 1.03×10−4 m/s and 3.42×10−5 m−1, respectively. 
Additionally, the hydraulic conductivity of the aquitard (K 0) is 6.39 × 10−8 m/s. 
The Hantush (1965) equation of groundwater ﬂow was used to quantify the 
eﬀects of groundwater pumping on lower Scotts Creek stream ﬂows using simpliﬁed 
subsurface properties—averaged hydraulic conductivity and thickness values for the 
aquitard (scenario 1), and values for the aquitard that are exclusively representative 
of the low-permeability material (silt and clay lenses) having the greatest inﬂuence 
on groundwater ﬂow and neglecting the thin permeable zones within the aquitard 
(scenario 2). The calculations suggested that under normal pumping conditions (8 
hours of pumping at a well discharge rate of 200 gpm) the rate of streamﬂow depletion 
is 2.46 × 10−3 m3/s (8.68 × 10−2 cfs) or 19% of the pumping rate for scenario 1 and 
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9.62 × 10−4 m3/s (3.40 × 10−2 cfs) or 8% of the pumping rate for scenario 2. Analysis 
of time-drawdown curves and associated well ﬂow rates provided a rough estimate 
of 94,000 gallons or 0.3 AF as the maximum volume of groundwater that can be 
abstracted daily before signiﬁcant leakage occurs. 
A numerical groundwater ﬂow model (MODFLOW) was constructed in GMS, man-
ually calibrated using data from ﬁeld and laboratory tests, and transient simulations 
were performed. Results of numerical simulation of groundwater ﬂow showed that: 1) 
values of hydraulic conductivity for the aquitard determined by permeameter tests are 
higher than the “true” values, 2) the lower semi-conﬁned aquifer is heterogeneous, and 
3) pumping-induced river leakage is greatest when simulating groundwater withdrawal 
from the Pump House Well. 
Long-term groundwater monitoring data were analyzed to assess the magnitude 
of ﬂuctuations in water levels from season to season and year to year. On average, 
groundwater levels increase by approximately 1.5 meters every winter, then slowly 
recede, reaching the lowest levels in the fall. The steady decrease in water levels 
during the summer and fall is largely attributable to climatic driven ﬂuctuations, 
but consumption by phreatophytic vegetation and groundwater withdrawal for crop 
irrigation are also responsible for daily groundwater decline. Daily groundwater uptake 
by phreatophytes alone results in approximately 1 cm of water-level decline in the 
upper unconﬁned aquifer while groundwater pumping can cause ﬂuctuations of up to 5 
cm over the course of a week with the greatest impacts observed when the Pump House 
Well is used. However, water levels rebound to near pre-pumping static levels when 
abstraction ceases indicating a stable groundwater supply (no signiﬁcant/discernible 
chronic drops in groundwater levels). 
Results of this study can be viewed as good news in terms of groundwater man-
agement. The aquitard acts as a buﬀer between the stream and pumped aquifer. 
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Eﬀects of groundwater pumping on water levels in the upper unconﬁned aquifer are 
on the order of magnitude of a few centimeters. In general, the pumped aquifer is 
semi-conﬁned. However, at the reach scale, there is spectrum of conﬁnement; the 
aquifer appears to be more conﬁned downstream of the Pump House Well and less so 
upstream. Although ﬁndings indicate that current groundwater abstraction practices 
have minimal direct impact on Scotts Creek streamﬂows, the pumping wells certainly 
capture groundwater that would otherwise discharge into the stream. During extended 
periods of abnormally low precipitation, this groundwater capture or depletion could 
exacerbate the eﬀects of drought induced stress on the creek leading to impaired 
water quality and quantity. For this reason, it is important to consider the amount 
of capture that is acceptable when developing management strategies to conserve 
baseﬂow and avoid causing undesirable consequences. 
The concept of “sustainable yield” is a way to determine appropriate withdrawals 
to ensure the long-term resilience of groundwater systems. The California State 
Groundwater Management Act (SGMA) deﬁnes sustainable yield as, “the maximum 
quantity of water, calculated over a base period representative of long-term conditions 
in the basin and including any temporary surplus, that can be withdrawn annually 
from a groundwater supply without causing an undesirable result”. While various 
deﬁnitions of sustainable yield exist leaving the term open to interpretation [refer to 
Kalf and Woolley (2005) and Rudestam and Langridge (2014) for a thorough discussion 
of sustainable yield concepts and deﬁnitions], rather than attempting to apply a single 
deﬁnition universally, it is “better to view groundwater not as a renewable resource 
but as a mineral resource that can be replenished under certain circumstances and 
geographical locations” when developing sustainable groundwater management plans 
(Kalf and Woolley, 2005). Establishing a sustainable yield for the lower Scotts Creek 
aquifer is outside the scope of this thesis, yet the ﬁndings of this research can certainly 
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inform management strategies. To start, a few results-based sustainable groundwater 
pumping recommendations are suggested. 
Study ﬁndings indicate stronger stream-aquifer connectivity in the vicinity of the 
Pump House Well. It is therefore recommended that the VFD Well be used as the 
primary well for irrigation purposes. Additionally, current pumping schedules show 
residual drawdown. Restricting pumping duration to 6 hours or less and ensuring 
the total volume of groundwater abstracted daily does not exceed 94,000 gallons 
could reduce pumping-induced leakage and allow the aquifer time to recover between 
pumping events. To compensate for lower volumes of water, implementation of 
best management practices and investment in water-eﬃcient irrigation technologies 
are recommended. Lastly, to ensure water security under climate uncertainty, it is 
recommended that water storage in the form of tanks or a reservoir with abstractions 
during the winter when stream ﬂows are greatest be implemented. Limiting pumping 
duration, implementing best management practices in terms of water distribution 
eﬃciency, the use of stored water to supplement groundwater supplies during dry 
summer months, and the adoption of an adaptive and holistic management approach 
to account for varying climatic conditions together would minimize economic and 
environmental concerns surrounding groundwater use on lower Scotts Creek. 
The conclusions presented herein are based on the results of a two year study. 
Stresses imposed by changes in climate and water resource needs should be examined 
with rigorous science to determine appropriate management strategies. Future research 
should focus on: 1) improvement of the numerical groundwater ﬂow model so that 
it is more representative of the natural system and can be used to determine basin 
sustainable yield, 2) continued long-term measurement of groundwater levels, and 3) the 
completion of additional geophysical surveys and exploratory boreholes upstream of the 
Pump House Well and in the stream channel to further characterize the heterogeneity 
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of the subsurface, in particular the spatial variability of aquitard hydraulic properties. 
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APPENDIX A: WELL COMPLETION REPORTS 
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Figure A.1: Archibald Well drillers report (No. 67476). 
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Figure A.2: Archibald Well (cleaning) drillers report (No. 056712). 
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Figure A.3: VFD Well drillers report (No. 67477). 
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Figure A.4: Pump House Well drillers report (No. 056730). 
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Project: Lower Scotts GW-SW Study LOG OF BORING: EB-2
Location: Swanton Pacific Ranch Date: 08-03-2016 Time: 11:00
Drilled By: DPP & BM Lat/Long: 37.049105, -122.226677 Hole Depth: 32 feet





























SILTY SAND AND GRAVEL. Grayish brown. Coarse gravel particles. Wet.
No core collected.
SILTY SAND AND GRAVEL. Grayish brown. Coarse gravel particles.
SILTY SAND. Brown. Fine- to medium-grained sand.
SILTY SAND AND GRAVEL. Brown. Common fine roots. Coarse gravel 
particles.
SANDY SILT. Dark gray. Fine grained sand.
SANDY SILT AND CLAY. Dark gray to black. Fine grained sand.
SANDY SILT AND CLAY. Dark gray. Fine grained sand.
SILTY SAND. Gray. Fine- to medium-grained sand. Wet.
Boring terminated at 32 feet due to heaving of sediments. Heaved sediments from 
approx. 32 feet collected (trapped in tooling). SAND. Clean (low silt/clay) fine- to 
medium-grained sand. Grayish brown. Wet. 






































Project: Lower Scotts GW-SW Study LOG OF BORING: EB-3
Location: Swanton Pacific Ranch Date: 08-03-2016 Time: 14:00
Drilled By: DPP & BM Lat/Long: 37.050183, -122.226444 Hole Depth: 24 feet































SAND AND GRAVEL. Reddish brown. Coarse gravel particles. 
SANDY SILT AND CLAY. Dark gray. Fine-grained sand. Wet.
SILTY SAND AND GRAVEL. Gray. Coarse gravel particles. 
SANDY SILT AND CLAY. Dark gray. Fine-grained sand. Wet.
SAND AND GRAVEL. Gray. Coarse gravel particles.
Boring terminated at 24 feet






































Project: Lower Scotts GW-SW Study LOG OF BORING: EB-4
Location: Swanton Pacific Ranch Date: 08-03-2016 Time: 16:00
Drilled By: DPP & BM Lat/Long: 37.051057, -122.226507 Hole Depth: 24 feet




























SILTY SAND. Brown. 
SAND. Yellowish brown. Bottom 4 inches weathered sedimentary rock. 
No core collected. 
SAND AND GRAVEL. Gray. Coarse gravel particles.
SAND AND GRAVEL. Light brown. Coarse gravel particles.  
SILTY SAND AND GRAVEL. Reddish brown. Coarse gravel particles.
SANDY SILT AND CLAY. Dark gray. Fine-grained sand. One approx. 6-inch 
piece of decomposing Coast Redwood.
SAND AND GRAVEL. Gray. 
SILTY SAND. Gray. 
Boring terminated at 24 feet






































Project: Lower Scotts GW-SW Study LOG OF BORING: EB-5 (1 of 2)




























Drilled By: DPP, JS, BM Lat/Long: 37.048713, -122.225015 Hole Depth: 40 feet
Logged By: D. Pritchard-Peterson Approx. Elevation: 22 feet Hole Diameter: 2.25 inches
SILTY SAND. Light brown. Fine- to medium-grained sand.
SILTY SAND. Light brown. Fine- to coarse-grained sand.
SILTY SAND. Light brown. Fine- to medium-grained sand.
SILTY SAND AND GRAVEL. Light brown. Common redoximorphic features. 
Few medium roots.
SILTY SAND. Brown. Common very fine roots. Coarse gravel particles.
SILTY SAND AND GRAVEL. Light brown. Common redoximorphic features. 
Wet.
SANDY SILT. Light brown. Fine- to medium-grained sand. Common 
redoximorphic features. 
SANDY SILT. Light brown. Fine- to medium-grained sand. Wet.
SILTY SAND AND GRAVEL. Reddish brown. Coarse gravel particles. 
Redoximorphic features.
SILTY SAND. Grayish brown. Fine- to medium-grained sand. Wet.
SANDY SILT AND CLAY. Grayish brown. Fine-grained sand. Common 
redoximorphic features. 
SILTY SAND AND GRAVEL. Light gray. Coarse gravel particles.
SILTY SAND AND GRAVEL. Light gray. Coarse gravel particles.
SILTY SAND. Light gray. Bottom 2 inches clean (low silt/clay) sand.
SANDY SILT AND CLAY. Gray.
SAND AND GRAVEL. Light gray. Clean fine- to medium-grained gravel and 
coarse sand.
SANDY SILT AND CLAY. Gray.
SANDY SILT AND CLAY. Gray. Few redoximorphic features.
SILTY SAND. Gray. Fine- to medium-grained sand.
SANDY SILT. Grayish brown. Wet.
SANDY SILT AND CLAY. Dark gray.
SANDY SILT. Yellowish brown. Wet.






















Project: Lower Scotts GW-SW Study LOG OF BORING: EB-5 (2 of 2)
Location: Swanton Pacific Ranch Date: 05-27-2017 Time: 13:00
Drilled By: DPP, JS, BM Lat/Long: 37.048713, -122.225015 Hole Depth: 40 feet




























Boring terminated at 40 feet
SANDY SILT AND CLAY. Dark gray. Fine-grained sand.
SAND SILT AND CLAY. Dark gray. Fine- to medium-grained sand.
SILTY SAND AND GRAVEL. Grayish brown. Bottom 2 inches clean sand.






































Project: Lower Scotts GW-SW Study LOG OF BORING: EB-6 (1 of 2)
Location: Swanton Pacific Ranch Date: 06-20-2017 Time: 13:00
SILTY SAND. Brown. Few fine roots. Coarse gravel particles.
SILTY SAND. Dark brown. Fine-grained sand.
Drilled By: DPP & JS Lat/Long: 37.052052, -122.225694 Hole Depth: 40 feet




























SANDY SILT. Light brown. Wet.
SAND AND GRAVEL. Yellowish brown. Clean fine- to medium-grained gravel.
SILTY SAND AND GRAVEL. Yellowish brown. Coarse gravel particles.
SANDY SILT. Light brown. Wet.
SANDY SILT AND CLAY. Brown.
SILTY SAND AND GRAVEL. Light brown. Coarse gravel particles
SANDY SILT. Yellowish brown.  
SILTY SAND AND GRAVEL. Yellowish brown. Coarse gravel particles.
SILTY GRAVEL. Yellowish brown.
SAND AND GRAVEL. Reddish brown. Fine- to medium-grained gravel and coarse 
sand. Wet.
SILTY SAND. Light brown. Fine- to medium-grained sand. Common 
redoximorphic features. Bottom 4 inches gray sand. 
SAND AND GRAVEL. Light gray. Clean (low silt/clay) coarse-grained sand and 
fine-grained gravel.
SILTY SAND AND GRAVEL. Light gray to yellowish brown. Redoximorphic 
features. Bottom 3 inches weathered sedimentary rock.
SANDY SILT. Light brown. Wet.
SAND AND GRAVEL. Yellowish brown. Clean fine- to medium-grained gravel.
SAND AND GRAVEL. Gray. Clean fine- to medium-grained gravel and coarse 
sand. 
SILTY SAND AND GRAVEL. Gray. Coarse gravel particles.
SAND AND GRAVEL. Gray. Clean fine- to medium-grained gravel and coarse 
sand. 
SILTY SAND AND GRAVEL. Grayish brown. One piece decomposing wood.
SANDY SILT. Light brown. Wet.
SAND AND GRAVEL. Gray. Clean fine- to medium-grained gravel and coarse 
sand. 
SILTY SAND AND GRAVEL. Gray. Coarse gravel particles.
SANDY SILT. Light brown. Wet.






















Project: Lower Scotts GW-SW Study LOG OF BORING: EB-6 (2 of 2)
Location: Swanton Pacific Ranch Date: 06-20-2017 Time: 13:00
SANDY SILT. Light brown. Wet.
Drilled By: DPP & JS Lat/Long: 37.052052, -122.225694 Hole Depth: 40 feet




























SAND AND GRAVEL. Gray. Clean fine- to medium-grained gravel and sand.
Boring terminated at 40 feet
SANDY SILT. Dark gray to black. Fine-grained sand.
SILTY SAND AND GRAVEL. Gray. Coarse gravel particles.






































Project: Lower Scotts GW-SW Study LOG OF BORING: EB-7
Location: Swanton Pacific Ranch Date: 06-21-2017 Time: 11:00
Drilled By: DPP & JS Lat/Long: 37.051776, -122.225205 Hole Depth: 20 feet




























Boring terminated at 20 feet
SANDY SILT AND CLAY. Dark brown. Gravel particles.
SANDY SILT AND CLAY. Dark brown. Gravel particles.
SANDY SILT AND CLAY. Dark gray to black.
SILTY SAND AND GRAVEL. Dark brown. Wet.
SANDY SILT AND CLAY. Dark brown to black.
SANDY SILT AND CLAY. Dark brown.
SANDY SILT AND CLAY. Dark brown.
SANDY SILT AND CLAY. Dark gray to black.
SANDY SILT. Dark gray. Wet.
SAND AND GRAVEL. Gray. Clean (low silt/clay) fine- to medium-grained gravel 
and sand. Bottom 2 inches dark gray sandy silt and clay.






































Project: Lower Scotts GW-SW Study LOG OF BORING: EB-8
Location: Swanton Pacific Ranch Date: 06-22-2017 Time: 14:00
Drilled By: DPP & JS Lat/Long: 37.048527, -122.224585 Hole Depth: 36 feet
Logged By: D. Pritchard-Peterson Approx. Elevation: 23 feet Hole Diameter: 2.25 inches
SILTY SAND. Brown. Few fine roots. Few coarse gravel particles.




























SILTY SAND. Grayish brown. Fine- to medium-grained sand.
SILTY SAND AND GRAVEL. Light brown. 
SILTY SAND. Light brown.
SILTY SAND. Brown. Wet.
SANDY SILT AND CLAY. Yellowish brown. Few redoximorphic features.
SILTY SAND AND GRAVEL. Yellowish brown. Few coarse gravel particles.
SILTY SAND. Yellowish brown. Fine- to medium-grained sand.
SILTY SAND AND GRAVEL. Yellowish brown. Coarse gravel particles.
SANDY SILT AND CLAY. Grayish brown. Wet.
SANDY SILT AND CLAY. Dark gray. 
SANDY SILT AND CLAY. Dark gray. 
SAND. Gray. Clean fine- to medium-grained sand. Boring terminated at 36 feet.
SILTY SAND AND GRAVEL. Gray. Few coarse gravel particles.
SILTY SAND. Grayish brown. Fine- to medium-grained sand. Wet.
SANDY SILT AND CLAY. Dark gray. Fine-grained sand.
SILTY SAND AND GRAVEL. Gray. Few coarse gravel particles.
SANDY SILT AND CLAY. Gray. Wet.
SANDY SILT AND CLAY. Dark gray. 
SAND. Light gray. Clean (low silt/clay) fine- to coarse-grained sand.
SILTY SAND AND GRAVEL. Gray. Few coarse gravel particles.
Figure B.9: Log of boring EB-8. 
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APPENDIX C: PIEZOMETER INSTALLATION 
Table C.1: Geographic location (latitude and longitude in decimal degrees) of each 
piezometer and each irrigation well. 
Piezometer/Well ID Lat/Long (decimal degrees) 
PHP-1 37.0508, -122.2264 
PHP-2 37.0503, -122.2263 
PHP-3 37.0506, -122.2264 
PHP-4 37.0506, -122.2266 
PHP-5 37.0512, -122.2265 
VFDP-1 37.0485, -122.2265 
VFDP-2 37.0484, -122.2265 
VFDP-3 37.0483, -122.2266 
VFDP-4 37.0492, -122.2266 
JFP-1 37.0487, -122.2250 
JFP-2 37.0521, -122.2257 
JFP-3 37.0485, -122.2246 
AP-1 37.0518, -122.2252 
Arch-up 37.0552, -122.2269 
PH-up 37.0510, -122.2270 
PH-down 37.0503, -122.2271 
VFD-up 37.0482, -122.2267 
VFD-down 37.0478, -122.2262 
Archibald 37.0534, -122.2261 
Pump House 37.0507, -122.2262 
VFD 37.0483, -122.2264 
Queseria 37.0455, -122.2258 
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APPENDIX D: PUMPING TESTS 
158 
Table D.1: VFD Well pumping test ﬂow rate (gpm) data. 
Date and Time Flow Date and Time Flow Date and Time Flow 
8/1/2016 15:12 136 8/1/2016 23:24 270 8/2/2016 7:37 271 
8/1/2016 15:27 274 8/1/2016 23:39 270 8/2/2016 7:52 268 
8/1/2016 15:42 272 8/1/2016 23:55 271 8/2/2016 8:08 268 
8/1/2016 15:58 273 8/2/2016 0:10 271 8/2/2016 8:23 270 
8/1/2016 16:13 274 8/2/2016 0:26 269 8/2/2016 8:38 270 
8/1/2016 16:29 274 8/2/2016 0:41 270 8/2/2016 8:54 269 
8/1/2016 16:44 272 8/2/2016 0:57 270 8/2/2016 9:09 271 
8/1/2016 16:59 272 8/2/2016 1:12 272 8/2/2016 9:25 269 
8/1/2016 17:14 271 8/2/2016 1:28 268 8/2/2016 9:40 269 
8/1/2016 17:30 270 8/2/2016 1:43 270 8/2/2016 9:56 270 
8/1/2016 17:45 270 8/2/2016 1:58 269 8/2/2016 10:11 271 
8/1/2016 18:01 270 8/2/2016 2:14 270 8/2/2016 10:26 270 
8/1/2016 18:16 271 8/2/2016 2:29 271 8/2/2016 10:42 270 
8/1/2016 18:31 271 8/2/2016 2:45 270 8/2/2016 10:57 270 
8/1/2016 18:47 271 8/2/2016 3:00 269 8/2/2016 11:12 271 
8/1/2016 19:02 271 8/2/2016 3:16 271 8/2/2016 11:27 270 
8/1/2016 19:17 271 8/2/2016 3:31 269 8/2/2016 11:43 270 
8/1/2016 19:32 271 8/2/2016 3:46 268 8/2/2016 11:58 270 
8/1/2016 19:47 271 8/2/2016 4:02 270 8/2/2016 12:14 269 
8/1/2016 20:03 270 8/2/2016 4:17 271 8/2/2016 12:29 271 
8/1/2016 20:18 268 8/2/2016 4:33 271 8/2/2016 12:45 270 
8/1/2016 20:33 270 8/2/2016 4:48 268 8/2/2016 13:00 270 
8/1/2016 20:49 269 8/2/2016 5:03 271 8/2/2016 13:15 270 
8/1/2016 21:04 272 8/2/2016 5:19 269 8/2/2016 13:31 272 
8/1/2016 21:20 269 8/2/2016 5:34 271 8/2/2016 13:46 268 
8/1/2016 21:35 270 8/2/2016 5:49 270 8/2/2016 14:01 270 
8/1/2016 21:51 270 8/2/2016 6:05 271 8/2/2016 14:17 270 
8/1/2016 22:06 268 8/2/2016 6:20 270 8/2/2016 14:32 271 
8/1/2016 22:22 269 8/2/2016 6:35 269 8/2/2016 14:47 272 
8/1/2016 22:37 269 8/2/2016 6:51 270 8/2/2016 15:02 271 
8/1/2016 22:53 272 8/2/2016 7:06 269 8/2/2016 15:18 163 
8/1/2016 23:08 270 8/2/2016 7:21 269 
159 
Table D.2: Pump House Well pumping test ﬂow rate (gpm) data. 
Date and Time Flow Date and Time Flow Date and Time Flow 
8/5/2016 14:09 184 8/5/2016 22:19 256 8/6/2016 6:32 255 
8/5/2016 14:24 258 8/5/2016 22:34 261 8/6/2016 6:48 263 
8/5/2016 14:40 243 8/5/2016 22:49 249 8/6/2016 7:03 251 
8/5/2016 14:55 272 8/5/2016 23:04 263 8/6/2016 7:19 264 
8/5/2016 15:11 267 8/5/2016 23:20 255 8/6/2016 7:34 253 
8/5/2016 15:26 256 8/5/2016 23:35 252 8/6/2016 7:50 256 
8/5/2016 15:41 249 8/5/2016 23:50 254 8/6/2016 8:05 267 
8/5/2016 15:57 255 8/6/2016 0:05 252 8/6/2016 8:21 244 
8/5/2016 16:12 233 8/6/2016 0:21 261 8/6/2016 8:36 266 
8/5/2016 16:28 228 8/6/2016 0:36 278 8/6/2016 8:51 256 
8/5/2016 16:43 246 8/6/2016 0:52 253 8/6/2016 9:06 262 
8/5/2016 16:58 254 8/6/2016 1:07 275 8/6/2016 9:21 254 
8/5/2016 17:14 234 8/6/2016 1:23 270 8/6/2016 9:37 267 
8/5/2016 17:29 253 8/6/2016 1:38 260 8/6/2016 9:52 259 
8/5/2016 17:45 246 8/6/2016 1:54 250 8/6/2016 10:07 252 
8/5/2016 18:00 249 8/6/2016 2:09 255 8/6/2016 10:23 249 
8/5/2016 18:15 261 8/6/2016 2:25 254 8/6/2016 10:39 251 
8/5/2016 18:31 243 8/6/2016 2:40 255 8/6/2016 10:55 280 
8/5/2016 18:46 236 8/6/2016 2:56 261 8/6/2016 11:10 251 
8/5/2016 19:01 228 8/6/2016 3:11 257 8/6/2016 11:26 251 
8/5/2016 19:16 263 8/6/2016 3:27 247 8/6/2016 11:41 256 
8/5/2016 19:32 277 8/6/2016 3:42 272 8/6/2016 11:57 272 
8/5/2016 19:47 220 8/6/2016 3:58 254 8/6/2016 12:12 265 
8/5/2016 20:02 215 8/6/2016 4:13 263 8/6/2016 12:28 260 
8/5/2016 20:17 240 8/6/2016 4:29 259 8/6/2016 12:43 264 
8/5/2016 20:33 237 8/6/2016 4:44 259 8/6/2016 12:58 242 
8/5/2016 20:48 259 8/6/2016 5:00 264 8/6/2016 13:13 244 
8/5/2016 21:03 241 8/6/2016 5:15 260 8/6/2016 13:29 267 
8/5/2016 21:18 251 8/6/2016 5:31 248 8/6/2016 13:44 257 
8/5/2016 21:33 243 8/6/2016 5:46 260 8/6/2016 13:59 240 
8/5/2016 21:48 299 8/6/2016 6:01 248 
8/5/2016 22:04 248 8/6/2016 6:17 253 
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APPENDIX E: DYE TRACING 
Figure E.1: Time-concentration curves for all 36 slug dye injections. Time-
concentration curves lacking bell-shaped curve are slug dye injections where low 
concentrations of Rhodamine dye were measured and are considered outliers. 
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Figure E.2: Stream discharge (cfs) calculated from slug dye injection time-concentration 
curves. High discharge estimates correspond with slug dye injections considered outliers. 
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APPENDIX F: PERMEAMETER TESTS 
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Table F.1: Summary of ﬂow test data for sediments from EB-1. 





1.23 × 10−2 
1.50 × 10−2 




4.77 × 10−6 
5.81 × 10−6 





4.32 × 10−3 
4.07 × 10−3 




1.67 × 10−6 
1.58 × 10−6 





8.19 × 10−2 
5.06 × 10−2 




3.17 × 10−5 
1.96 × 10−5 





1.54 × 10−2 
1.91 × 10−2 




5.97 × 10−6 
7.40 × 10−6 





8.20 × 10−3 
4.74 × 10−3 




3.18 × 10−6 
1.84 × 10−6 





4.91 × 10−2 
4.19 × 10−2 




1.90 × 10−5 
1.62 × 10−5 





1.20 × 10−2 
1.35 × 10−2 




4.65 × 10−6 
5.23 × 10−6 





1.01 × 10−3 
3.20 × 10−4 




4.49 × 10−6 
1.42 × 10−6 





5.63 × 10−3 
5.98 × 10−3 




1.56 × 10−6 
1.66 × 10−6 





7.74 × 10−3 
6.81 × 10−3 




3.44 × 10−5 
3.03 × 10−5 
2.23 × 10−5 
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Table F.2: Summary of ﬂow test data for sediments from EB-2. 





3.58 × 10−3 
3.05 × 10−3 




1.39 × 10−6 
1.18 × 10−6 





3.74 × 10−2 
2.06 × 10−2 




1.04 × 10−5 
5.72 × 10−6 





2.66 × 10−2 
2.93 × 10−2 




7.39 × 10−6 
8.14 × 10−6 





7.89 × 10−4 
6.62 × 10−4 




3.06 × 10−7 
2.57 × 10−7 





3.87 × 10−3 
4.13 × 10−3 




1.50 × 10−6 
1.60 × 10−6 





3.25 × 10−3 
7.47 × 10−3 




1.26 × 10−6 
2.89 × 10−6 





1.68 × 10−3 
1.96 × 10−3 




6.51 × 10−7 
7.60 × 10−7 





2.56 × 10−3 
2.64 × 10−3 




9.92 × 10−7 
1.02 × 10−6 





7.87 × 10−2 
8.17 × 10−2 




2.19 × 10−5 
2.27 × 10−5 
2.21 × 10−5 
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Table F.3: Summary of ﬂow test data for sediments from EB-3. 





2.85 × 10−2 
2.18 × 10−2 




7.92 × 10−6 
6.06 × 10−6 





6.66 × 10−3 
3.60 × 10−3 




2.58 × 10−6 
1.40 × 10−6 





9.10 × 10−3 
9.14 × 10−3 




3.53 × 10−6 
3.54 × 10−6 





1.50 × 10−1 
1.36 × 10−1 




4.17 × 10−5 
3.78 × 10−5 





2.26 × 10−2 
2.27 × 10−2 




6.28 × 10−6 
6.31 × 10−6 
6.28 × 10−6 
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Table F.4: Summary of ﬂow test data for sediments from EB-4. 





6.37 × 10−3 
5.66 × 10−3 




1.77 × 10−6 
1.57 × 10−6 





1.57 × 10−2 
1.01 × 10−2 




4.36 × 10−6 
2.81 × 10−6 





2.25 × 10−2 
2.34 × 10−2 




6.25 × 10−6 
6.50 × 10−6 





1.81 × 10−2 
1.70 × 10−2 




5.03 × 10−6 
4.72 × 10−6 





8.72 × 10−3 
1.25 × 10−2 




2.42 × 10−6 
3.47 × 10−6 





5.83 × 10−4 
5.30 × 10−4 




2.26 × 10−7 
2.05 × 10−7 





2.90 × 10−2 
2.84 × 10−2 




8.06 × 10−6 
7.89 × 10−6 





2.58 × 10−2 
1.78 × 10−2 




7.17 × 10−6 
4.94 × 10−6 
4.03 × 10−6 
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Table F.5: Summary of ﬂow test data for sediments from EB-5. 





1.44 × 10−2 
2.31 × 10−2 




4.00 × 10−6 
6.42 × 10−6 





1.53 × 10−1 
1.67 × 10−1 




4.25 × 10−5 
4.64 × 10−5 





6.36 × 10−4 
7.09 × 10−4 




2.46 × 10−7 
2.75 × 10−7 
3.25 × 10−7 
Table F.6: Summary of ﬂow test data for sediments from EB-6. 





3.38 × 10−3 
3.80 × 10−3 




7.86 × 10−5 
8.84 × 10−5 





2.13 × 10−3 
6.24 × 10−3 




5.92 × 10−7 
1.73 × 10−6 





3.38 × 10−2 
2.72 × 10−2 




9.39 × 10−6 
7.56 × 10−6 
9.50 × 10−6 
Table F.7: Summary of ﬂow test data for sediments from EB-7. 
Depth Range (ft) File Name m τ K (m/s) 
spreb718ft07162017test1 4.07 × 10−3 245.70 6.78 × 10−5 
18–20 spreb718ft07162017test2 4.01 × 10−3 249.38 6.68 × 10−5 
spreb718ft07162017test3 4.12 × 10−3 242.72 6.87 × 10−5 
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Table F.8: Summary of ﬂow test data for sediments from EB-8. 
Depth Range (ft) File Name m τ K (m/s) 
18–20 spreb818ft07262017 1.48 × 10−4 6756.76 5.74 × 10−8 
spreb832ft07162017 1.53 × 10−2 65.36 5.93 × 10−6 
32–34 spreb832ft07172017test1 1.46 × 10−2 68.49 5.66 × 10−6 
spreb832ft07172017test2 1.64 × 10−2 60.98 6.36 × 10−6 
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APPENDIX G: PARTICLE SIZE ANALYSIS 
Figure G.1: Particle size distribution for sediments from 0–4 ft interval of EB-1. 
170 
Figure G.2: Particle size distribution for sediments from 8–12 ft interval of EB-1. 
Figure G.3: Particle size distribution for sediments from 12–14 ft interval of EB-1. 
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Figure G.4: Particle size distribution for sediments from 14–16 ft interval of EB-1. 
Figure G.5: Particle size distribution for sediments from 0–4 ft interval of EB-2. 
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Figure G.6: Particle size distribution for sediments from 4–12 ft interval of EB-2. 
Figure G.7: Particle size distribution for sediments from 20–21 ft interval of EB-2. 
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Figure G.8: Particle size distribution for sediments from 21–23 ft interval of EB-2. 
Figure G.9: Particle size distribution for sediments from 23–24 ft interval of EB-2. 
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Figure G.10: Particle size distribution for sediments from 24–28 ft interval of EB-2. 
Figure G.11: Particle size distribution for sediments from 28–30 ft interval of EB-2. 
175 
Figure G.12: Particle size distribution for sediments from 30–32 ft interval of EB-2. 
Figure G.13: Particle size distribution for heaved sediments from approx. 32 ft of 
EB-2. 
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Figure G.14: Particle size distribution for sediments from 12–14 ft interval of EB-3. 
Figure G.15: Particle size distribution for sediments from 14–16 ft interval of EB-3. 
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Figure G.16: Particle size distribution for sediments from 16–19 ft interval of EB-3. 
Figure G.17: Particle size distribution for sediments from 19–20 ft interval of EB-3. 
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Figure G.18: Particle size distribution for sediments from 20–24 ft interval of EB-3. 
Figure G.19: Particle size distribution for sediments from 0–2 ft interval of EB-4. 
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Figure G.20: Particle size distribution for sediments from 2–4 ft interval of EB-4. 
Figure G.21: Particle size distribution for sediments from 4–8 ft interval of EB-4. 
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Figure G.22: Particle size distribution for sediments from 8–12 ft interval of EB-4. 
Figure G.23: Particle size distribution for sediments from 16–19 ft interval of EB-4. 
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Figure G.24: Particle size distribution for sediments from 19–20 ft interval of EB-4. 
Figure G.25: Particle size distribution for sediments from 20–22 ft interval of EB-4. 
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Figure G.26: Particle size distribution for sediments from 22–24 ft interval of EB-4. 
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APPENDIX H: CALCULATION OF STREAMFLOW DEPLETION 
Table H.1: Scenario 1 estimated rates of stream depletion (Qr) at various times since 
pumping began (t) and at diﬀerent well discharge rates (Q) obtained using the Hantush 
(1965) solution for ﬂow to wells near streams with semipervious beds. 
Time (hrs) Qr (m
3/s) 
Q=100 gpm Q=150 gpm Q=200 gpm Q=250 gpm Q=300 gpm 
2 3.89 × 10−4 5.84 × 10−4 7.79 × 10−4 9.73 × 10−4 1.17 × 10−3 
4 7.94 × 10−4 1.19 × 10−3 1.59 × 10−3 1.98 × 10−3 2.38 × 10−3 
6 1.04 × 10−3 1.56 × 10−3 2.08 × 10−3 2.60 × 10−3 3.13 × 10−3 
8 1.23 × 10−3 1.84 × 10−3 2.46 × 10−3 3.07 × 10−3 3.69 × 10−3 
10 1.38 × 10−3 2.07 × 10−3 2.76 × 10−3 3.45 × 10−3 4.14 × 10−3 
12 1.51 × 10−3 2.26 × 10−3 3.02 × 10−3 3.77 × 10−3 4.53 × 10−3 
14 1.62 × 10−3 2.43 × 10−3 3.24 × 10−3 4.06 × 10−3 4.87 × 10−3 
16 1.72 × 10−3 2.58 × 10−3 3.45 × 10−3 4.31 × 10−3 5.17 × 10−3 
18 1.81 × 10−3 2.72 × 10−3 3.63 × 10−3 4.53 × 10−3 5.44 × 10−3 
20 1.90 × 10−3 2.85 × 10−3 3.79 × 10−3 4.74 × 10−3 5.69 × 10−3 
22 1.97 × 10−3 2.96 × 10−3 3.95 × 10−3 4.93 × 10−3 5.92 × 10−3 
24 2.04 × 10−3 3.07 × 10−3 4.09 × 10−3 5.11 × 10−3 6.13 × 10−3 
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Table H.2: Scenario 2 estimated rates of stream depletion (Qr) at various times since 
pumping began (t) and at diﬀerent well discharge rates (Q) obtained using the Hantush 
(1965) solution for ﬂow to wells near streams with semipervious beds. 
Time (hrs) Qr (m
3/s) 
Q=100 gpm Q=150 gpm Q=200 gpm Q=250 gpm Q=300 gpm 
2 3.72 × 10−6 5.57 × 10−6 7.43 × 10−6 9.29 × 10−6 1.11 × 10−5 
4 2.47 × 10−4 3.70 × 10−4 4.94 × 10−4 6.17 × 10−4 7.41 × 10−4 
6 3.82 × 10−4 5.73 × 10−4 7.64 × 10−4 9.56 × 10−4 1.15 × 10−3 
8 4.81 × 10−4 7.22 × 10−4 9.62 × 10−4 1.20 × 10−3 1.44 × 10−3 
10 5.61 × 10−4 8.42 × 10−4 1.12 × 10−3 1.40 × 10−3 1.68 × 10−3 
12 6.30 × 10−4 9.44 × 10−4 1.26 × 10−3 1.57 × 10−3 1.89 × 10−3 
14 6.90 × 10−4 1.03 × 10−3 1.38 × 10−3 1.72 × 10−3 2.07 × 10−3 
16 7.44 × 10−4 1.12 × 10−3 1.49 × 10−3 1.86 × 10−3 2.23 × 10−3 
18 7.94 × 10−4 1.19 × 10−3 1.59 × 10−3 1.99 × 10−3 2.38 × 10−3 
20 8.40 × 10−4 1.26 × 10−3 1.68 × 10−3 2.10 × 10−3 2.52 × 10−3 
22 8.83 × 10−4 1.32 × 10−3 1.77 × 10−3 2.21 × 10−3 2.65 × 10−3 
24 9.23 × 10−4 1.38 × 10−3 1.85 × 10−3 2.31 × 10−3 2.77 × 10−3 
185 
APPENDIX I: GROUNDWATER FLOW MODELING 
Table I.1: MODFLOW 2D scatter data for elevation (m) of model layers. 
Borehole X Y bot1 bot2 bot3 
EB-1 1846484.8974505 562242.88778882 0.360343 −0.858857 −28.262857 
EB-2 1846412.6354671 562357.66068483 −1.213414 −4.261414 −28.007814 
EB-3 1846435.5652811 562476.89329297 2.270769 1.051569 −26.962031 
EB-4 1846431.7514925 562573.97578043 2.344852 1.735252 −26.278348 
EB-5 1846559.6700073 562311.4859959 1.544547 −5.770653 −27.078653 
EB-6 1846506.0627112 562683.03281227 0.599892 0.599892 −25.584908 
EB-7 1846548.9795847 562651.61419891 8.484949 3.912949 −24.710251 
EB-8 1846597.4959423 562290.052609 1.797041 −3.079759 −26.826159 
Table I.2: MODFLOW 2D scatter data for elevation (m) of water table. 
Piezometer X Y Z 
PHP-3 1846438.4410113 562519.70379415 4.867656 
PHP-4 1846423.267731 562527.7844153 4.898136 
PHP-1 1846445.1053006 562542.02714898 5.026152 
PHP-5 1846428.3160519 562595.12271432 5.772912 
PHP-2 1846447.2244085 562486.76661472 4.803648 
VFDP-4 1846421.0236335 562363.30253091 3.883152 
VFDP-1 1846425.6926812 562292.20850868 4.029456 
VFDP-2 1846428.9456085 562274.29629984 3.965448 
VFDP-3 1846415.0956123 562265.70295324 3.93192 
AP-1 1846548.9795847 562651.61419891 7.888224 
JFP-1 1846559.6700073 562311.4859959 3.727704 
JFP-2 1846506.0627112 562683.03281227 5.696712 
JFP-3 1846597.4959423 562290.052609 4.047744 
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Table I.3: MODFLOW 2D scatter data for hydraulic conductivity (m/d) of layer 1. 
Borehole X Y K 
EB-1 1846484.8974505 562242.88778882 0.32366 
EB-2 1846412.6354671 562357.66068483 0.26680 
EB-3 1846435.5652811 562476.89329297 0.57920 
EB-4 1846431.7514925 562573.97578043 0.23867 
EB-5 1846559.6700073 562311.4859959 0.48400 
EB-6 1846506.0627112 562683.03281227 0.17058 
Table I.4: MODFLOW 2D scatter data for hydraulic conductivity (m/d) of layer 2. 
Borehole X Y K 
EB-1 1846484.8974505 562242.88778882 0.15880 
EB-2 1846412.6354671 562357.66068483 0.06092 
EB-3 1846435.5652811 562476.89329297 0.20898 
EB-4 1846431.7514925 562573.97578043 0.02771 
EB-5 1846559.6700073 562311.4859959 0.02437 
EB-8 1846597.4959423 562290.052609 0.00496 
Figure I.1: Flow budget data (m3/d) for simulation of groundwater withdrawal from 
the Pump House Well. 
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Figure I.2: Flow budget data (m3/d) for simulation of groundwater withdrawal from 
the VFD Well. 
Figure I.3: Comparison of ﬁeld drawdown data to uncalibrated and calibrated model 
generated drawdown data for the VFD Well (observation well) during the Pump House 
Well pumping test. 
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Figure I.4: Comparison of ﬁeld drawdown data to uncalibrated and calibrated model 
generated drawdown data for the Pump House Well (observation well) during the 
VFD Well pumping test. 
Figure I.5: Comparison of ﬁeld drawdown data to uncalibrated and calibrated model 
generated drawdown data for the Queseria Well (observation well) during the VFD 
Well pumping test. 
189 
Figure I.6: Comparison of ﬁeld drawdown data to uncalibrated and calibrated model 
generated drawdown data for the Archibald Well (observation well) during the Pump 
House Well pumping test. 
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Figure I.7: Layer 3 drawdown contours (m) for the last time step when the Pump 
House Well is pumped. 
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Figure I.8: Layer 3 velocity vectors for the last time step when the Pump House Well 
is pumped. 
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Figure I.9: Layer 3 velocity vectors for the last time step when the VFD Well is 
pumped. 
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